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DEVELOPMENT OF IMPROVED ZINC ELECTRODES
FOR SECONDARY BATTERIES

by
A. Himy

ABSTRACT

A new zinc electrode construction was evaluated, based on an
inorganic material mixed with zinc oxide, which acted as a binder
when the mix was sintered at 850°C. Zirconia was selected over
two other inorganic materials; proportions ranging from 2% to 50%
were investigated for physical characteristics and from 5% to 20%
for electrical characteristics. PbO was investigated as an additive,
besides the usual 2% HgO amalgamation. A total of 20 combinations
of construction features were electrically tested on three different
cycling regimes. In general, zinc shape retention was improved in

varying degrees, reflected in longer cycle life over the regular un-
sintered zinc oxide electrode.






CONTENTS

SUMMARY
INTRODUCTION

TASK I — PHYSICAL CHARACTERIZATION

Grid Metal Selection
Fabrication Techniques

Materials
Ratio
Process

General
Material Preparation
Pellet FPabrication

Physical Characteristics
Lower Temperature Range
Comments

Higher Temperature Range
Surface Area and Pore Size Measurements

First Series
Second Series

Incorporation of Additives

TASK II - ELECTRICAL CHARACTERIZATION
Preliminary Cell Tests

Series ZN-25: Encapsulated Negatives
Series ZN-31: Encapsulated Positives

Selection of Combinations of Variables
Testing

Control Group A and Combinations 1 through 4

Manual Cycling
Automatic Cycling

v

00 3 ONOCNUT WUt WY

(o o]

w W
S

W W
N

"~
o~

AN
L O

Gt \n
o O

[F e
o «JRVL

o
e}

-~ O
[¢<}Ne}



Control Group B and Combinations 5 through 12 78

Combinations No., 13 to 20 78

Failure Analysis 78
Data Evaluation 109
CONCLUSION 115

APPENDIX A — PORE SIZE DISTRIBUTION
EXPERIMENTAL DATA CURVES

APPENDIX B — CELL ANALYSES AND ELECTRODE
PICTURES

vi



10
11

12
13
14
15
16
17
18
19
20
21
22
23
24

FIGURES

OL-Blends, Absorption vs Sintering Temperature

OL-Blends, Measured Porosity vs Sintering Temperature

OL-Blends, Measured Porosity vs Apparent Density,
Sintering Range 500-900°C

OL-Blends, Measured Porosity vs % Inorganic in Blend
Sintered at 700°C with 2.5 g/cc Density

Z-Blends, Absorption vs Sintering Temperature
Z-Blends, Measured Porosity vs Sintering Temperature

Z-Blends, Measured Porosity vs Apparent Density,
Sintering Range 500-900°C

Z-Blends, Measured Porosity vs % Inorganic in Blend —
Sintered at 700°C with 2.5 g/cc Density

M-Blends, Absorption vs Sintering Temperature
M-Blends, Measured Porosity vs Sintering Temperature

M-Blends, Measured Porosity vs % Inorganic in Blend
Sintered at 700°C with 2.3-2.5 g/cc Density

M-Blends, Weight Loss vs Sintering Temperature
100% ZnO, Absorption vs Sintering Temperature

100% ZnO, Measured Porosity vs Sintering Temperature
Absorption and Porosity vs Sintering Temperature
Volume Loss vs Sintering Temperature

Pore Size Distribution of 80/20 OL Material

Pore Size Distribution of 80/20 Z Material

Pore Size Distribution of 80/20 M Material

Capacity and Plateau Voltage During First Four Cycles
Capacity and Plateau Voltage During First Four Cycles
Capacity and Plateau Voltage During First Four Cycles
Capacity and Plateau Voltage During First Four Cycles

Typical Discharge Curves of Test Cells During the First
Four Cycles '

vii

11
12

13

14
17
18

19

20
23
24

25
26
28
29
33
34
40
41
42
65
66
67
68

69



I
III

Iv

VI
VII

VIII

‘ XI-
X1I
XIII
X1iv

XV
XVI
XVII
XVIII

TABLES

Do = 1" Pellet Physical Characteristics
(Material: OL)

Do = 1" Pellets Physical Characteristics II
(Material: OL)

Do = 1" Pellet Physical Characteristics I
(Material: Z)

Dg = 1" Pellets Physical Characteristics II
(Material: Z)

Dy = 1" Pellet Physical Characteristics I
(Material: M)

Do = 1" Pellets Physical Characteristics II
(Material: M)

Do = 1" Pellet Physical Characteristics I
{Material: ZnO)

Do = 1" Pellets Physical Characteristics II
{(Material: ZnO)

Weight Loss of Pellets with Magnesia
True Density

Do = 1" Pellet Physical Characteristics I (Average
of 3 Pellets)

Do = 1" Pellets Physical Charactemstms II (Average
of 3 Pellets)

Dy = 1" Pellet Physical Characterlstlcs I (Average
of 3 Pellets)

Do = 1" Pellets Physical Characteristics II
(Average of 3 Pellets)

Pore Size Distribution
Surface Area and Pore Size Distribution
Mercuric Oxide Incorporation

Lead Oxide Incorporation

viii

10

15

16

21

22

27

27
30
31

35

36

38

39
43
45
47
48



XIX
XX

XXI
XXII

XXIII
XXIV
XXV
XXVI
XXVII
XXVIII
XXIX
XXX
XXXI
XXXII
XXXIII
XXX1IV
XXXV
XXXVI
XXXV
XXXVIII
XXXIX
XL
XLI
XLII
XLIII
XLiv
XLV
XLVI
XLvII
XLVIII
IL

L

Test Data of ZN-25 Cells with Negative Wafer

Cycling Capability of Cells with Negative Wafer

(ZN-25 Series)

Test Data of ZN-31 Cells with Positive Wafer
Cycling Capability of Cells with Positive Wafers

(ZN~31 Series)

Combinations of Electrode Variables

Precycling Test Data (Control Group A - 3420-09)

Precycling Test Data (Combination No.
Precycling Test Data (Combination No.
Precycling Test Data (Combination No.
Precycling Test Data (Combination No.
Test Data on Combination No.
Test Da;ta on Combination No.
Test Data on Combination No.
Test Data on Combination No.

Precycling Test Data (Combination No.

Precycling Test Data (Combination No.

Precycling Test Data (Combination No.
Precycling Test Data (Combination No.

1)
2)
3)
4)

1 (Original)
2 (Original)
3 (Original)
4 (Original)

1
2
3
4

Test Data on Series A {Control Electrode)

Test Data on Combination No. 1
Test Data on Combination No. 2
Test Data on Combination No. 3

Test Data on Combination No., 4

Repeat)
Repeat)
Repeat)
Repeat)

Precycling Test Data (Control Group p - 3420-25)

Precycling Test Data (Combination No.
Precycling Test Data (Combination No.
Precycling Test Data (Combination No.
Precycling Test Data (Combination No.
Precycling Test Data (Combination No.
Precycling Test Data (Combination No.
Precycling Test Data (Combination No.
Precycling Test Data (Combination No.

ix

5)
6)
7)
8
9)
10)
11)
12)

51

52
54

55
57
60
61
62
63
64
70
71
72
73
74
75
76
77
79
80
81
82
83
84
85
86
87
88
89
90
91
92



LI
LII
LIII
LIV
LV
LVI
LVII
LVIII
LIX
LX
LXI
LXII
LXIII
LXIV
LXV
LXVI
LXVII
LXVIII
LXIX
LXX
LXXI

Precycling
Precycling
Precycling
Precycling
Precycling
Precycling
Precycling
Precycling

Test Data (Combination No. 13)
Test Data (Combination No. 14)
Test Data (Combination No. 15)
Test Data (Combination No. 16)
Test Data (Combination No. 17)
Test Data (Combination No. 18)

Test Data (Combination No. 19) -

Test Data (Combination No. 20)

Test Data on Combination No. 13

Test Data on Combination No. 14

Test Data on Combination No. 15

Test Data on Combination No. 16

Test Data on Combination No. 17
Test Data on Combination No. 18

Test Data on Combination No. 19

Test Data on Combination No. 20

Zinc Utilization

Cell Analysis Summary (Regime No. 1)

Cell Analysis Summary (Regime No. 2)

Cell Analysis Summary (Regime No. 3)

Number of Cycles Reached on Each Regime (Average

of 3 Cells)

93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
110
111
112
113

114



DEVELOPMENT OF IMPROVED ZINC ELECTRODES
FOR SECONDARY BATTERIES

by A. Himy

Astropower Laboratory
McDonnell Douglas Astronautics Company
Western Division

SUMMARY

The objectives of this program are to develop and test particular
zinc electrode constructions that may result in long cycle life.

The various fabrication techniques encompass one basic and com-
mon feature — the use of a refractory type inorganic material mixed
with zinc oxide in a particular ratio and sintered at very high temper-
atures so as to result in a mechanically strong electrode capable of
maintaining its structural integrity during handling and cell assembly.
This electrode is expected to perform satisfactorily during electrical
testing because of a possible better shape retention resulting from less
"slumping. "

INTRODUCTION
This program consists of two distinct tasks.

Task I covers electrode fabrication techniques and physical char-
acterization. The basic and common feature of the new zinc electrode
constructions was the use of refractory type inorganic material (sili-
cate or oxide) mixed with zinc oxide and acting as a binder after sin-
tering the mix at high temperatures. Starting with three different
inorganic materials, and several ratios of zinc oxide and inorganic
material, the investigation was carried out on pellet-type samples
simulating a section of the electrode. Sintering temperatures ranging
from 300°C to 1400°C were investigated. The physical characteristics
studied were density, absorption, porosity, surface area by BET
measurement, and pore size distribution by mercury intrusion. At the



end of this phase, out of all the variables encountered, a selection of

20 combinations was made for use in actual cells for electrical testmg
on the next task.

Task II covered the testing of approximately 250 cells on three
different regimes — 1 hr, 1.5 hr, and 24 hr cycling periods with the
first one at 100°C and the others at 25°C.

The cells were first submitted after formation to four deep dis-
charge cycles at various rates ranging from 30 mA to 3 A. Because
the test cell was purposely designed to be quickly zinc limited to accel-
erate failure, the data obtained are indicative only on a relative merit
basis. Compared with the control electrode (unsintered zinc oxide),
which reached about 500 cycles on the 1.5 hr cycling period, the best
electrode among all combinations fully tested completed about 650
cycles. However, the technical performance period of the program
was completed before all test data on other combinations were acquired.

The author wishes to acknowledge the valuable contribution of
Mr. I. C. Blake, Manager of the Battery Fabrication and Development
Department, for the close supervision of the manufacture of cell com-
ponents and assembly of cells, and of Mr. A, D. Taylor for setting up
and following up the cell testing. Special acknowledgement is also
given to Mr. G. Boehm who performed the laboratory analytical work
and compiled the test data. '

TASK I— PHYSICAL CHARACTERIZATION

Task I covered electrode fabrication techniques and electrode
characterization for physical properties.

The general lines of investigation are as follows:

Three inorganic materials are to be studied. Each is to be blended
with zinc oxide in various proportions ranging from 2% to 50% and the
mix is to be sintered at a temperature where physical strength of the
electrode is attained. The sintering temperature is to range from
300°C to 1400°C. This necessitates making a selection of electrode
grid metal (silver melts at 960°C) and, consequently, a selection of
the mix process and electrode fabrication technique. In turn, the
method of incorporating the additives to be investigated (HgO, PbO) is
dependent upon the final temperature selected, since HgO decomposes
at 500°C and PbO melts at 888°C.

All phases of this investigation proceeded almost concurrently and
are therefore not presented chronologically.



Grid Metal Selection

Metals other than silver (melting point 960°C) were first consid-
ered for their high melting points, higher than the sintering tempera-
tures of inorganic materials. They were:

Molybdenum: 2610°C
Tungsten: 3410°C
Tantalum: 2996°C

However, their electrochemical compatibility with zinc must be taken
into account.

Potentials of these metals were measured versus a zinc metal
strip in various solutions ranging from 30% to 40% pure KOH or zincate
saturated KOH at 25°C. The range of values was as follows:

Molybdenum: 0.75 to 0.86 V
Tungsten: 0.69t00.77 V
Tantalum: 0.75t00.85 V

Once the metals were zinc plated, all potentials dropped to a few
millivolts.

However, when the metals were left in intimate contact with zinc
metal in zincate saturated KOH solutions, gassing occurred in varying
degrees and continued uninterrupted for the duration of the test (68
hours). '

Following is a list of metals in decreasing order of reaction after
68 hours exposure to KOH and zinc:

Metal Gassing Metal Weight Loss Zinc Weight Loss
Tungsten Heavy 0% 59%
Molybdenum  Fine 0% 14%
Tantalum None 0% 5%

Tantalum showed the greatest ability for the leads to be welded to the
collector grid, using parent material. Tungsten was found to be very
hard.

Another consideration is the electrical resistance offered by grids
made of these metals compared with silver. Their electrical resist-
ivities are:



Molybdenum: 5.70 uQ-cm

Tungsten: 5.60 uQ-cm
Tantalum: 13.85 ud-cm
Silver: 1.59 uQd-cm

However, this is a minor cause for rejecting the metal because it is
not likely to appreciably affect the electrical performance of the zinc
electrode. ' '

Another consideration is the handling of these materials at elevated
temperatures. They oxidize very fast and must be handled in special
set-ups in inert atmospheres.

In summary, all of these tests showed the unsuitability of the
metals considered; the zinc corrosion caused by the metal contact in
alkali is certainly the most important factor for rejection.

It appears without going too far in the search for new grid metals
that silver remains the preferred material. This justifies the various

alternate approaches for sintering processes. Variation of the silver
grid structure will be considered rather than variation of the metal.

Fabrication Techniques

Materials

The three inorganic materials first considered are the following:

Material Code
Magnesium silicate complex OL
Zirconia VA
Magnesia M

OL is a material previously used on NASA Contract NAS 3-8513* which
showed promising results in terms of cycling performance at 100°C.
The zirconia and magnesia were selected on the basis of compatibility
with zinc in KOH solution in terms of gassing characteristics and elec-
trochemical stability.

>kA. Himy, "Improved Zinc Electrode, ' Final Report NASA CR-72265,
Astropower Laboratory, Missile & Space Systems Division, Douglas
Aircraft Company, July 1967.



Ratio
The following ratios were considered:

ZnO Inorganic

98% 2%
90% 10%
80% 20%
65% 35%
50% 50%

However, in an actual cell, it would not be advantageous to go beyond
80/20 because of the excessive decrease in active material amount.

The code adopted for a particular mix is given in the following
example: 80/20 Z means 80% ZnO blended with 20% zirconia.

Process

Genexfal

Sintering the mix powder covers a wide range of temperatures
that extend from 300° up to 1400°C. Modification of the bond structure
may occur at the high temperature range. Therefore, the sintering
process will follow two parallel paths.

In the normal process (N}, the electrode is first pressed as usual,
then sintered at a temperature that must be compatible with the grid
metal (no melting or severe distortion due to heat should occur) and
with the additives (HgO decomposes at 500°0C and PbO melts at 888°C).

In the presintered process (PS), the powder mix is sintered in
compacted form, ground fine and sifted. In this step, the sintering
temperature can be as high as necessary to create the desired bond
structure between particles of different materials.

At this stage two possibilities are offered:

(a) Blend the additive dry with the mix in the required
percentage; press the electrode; then submit it to a
relatively low heat treatment (below 500°C because
of the presence of HgO) for an extra bond between
presintered particles; or,

(b) Press the electrode first; sinter at the desired tem-
perature; then introduce the additives by a wet process.



However, the possibility (a) was abandoned early in the course of this
investigation because the presintered mix failed to develop a bond be-
tween particles below 5000C. Consequently, only possibility (b) was
adopted.

Material Preparation

The preparation of materials and mixes in various percentages in-
volves a long and careful procedure. All blends are done by ball milling
with a certain amount of various organic additives for proper processing.

A batch of zinc oxide and inorganic material blend of 1500 grams is
mixed with 2000 cm3 of water to which are added 2% Carbowax, 0.5%
dextrine, and 0.01% anti-foam agent. The mixture is then ball milled
for 15 hours, then strained through a 325 mesh screen and dried at
105°C for over 72 hours.

The material is then granulated and sifted through -32 to +80 mesh
screen in order to keep the size of particle agglomerates in a relatively
narrow range.

This general procedure changes very little, only in the quantities
of organic additives and water, for each material composition and ratio.

At this point, either the electrode is pressed then sintered, or the
powder is sintered then pressed into electrodes. The sintering tem-
peratures are high enough to decompose all organic substances so that
the resultant product is purely inorganic.

Pellet Fabrication

The physical measurements were done on pellets pressed to the
apparent density, thickness, and weight per unit area as those of the
final electrode. They were pressed without the use of grid or KT in-
terseparator for the purpose of accurately characterizing the physical
magnitudes called out in the work statement, i.e., density, absorption,
surface area by the BET method, and pore size by Hg intrusion.

Two sizes were chosen as being practical for the characterization
of the physical properties.

Circular pellets 1" in diameter and 0.050" in thickness (identical
to electrode thickness) are made for measuring density, porosity, and
water absorption.

Square pellets 3/8'" x 3/8" x 0.050" are made with the same weight
per unit area as the circular pellets for determining surface area by



the BET method and pore size distribution by mercury intrustion be-
cause of the maximum size required by the apparatus.

Physical Characteristics

Common to all materials and mix ratios are the following meas-
urements and related computations on the 1'' diameter pellets.

Before Sintering

Original diameter Do
Original thickness No
Original volume V0
Original mass m
After Sintering:
Diameter - D
Thickness N
Volume v
Mass m
m_ -m
Weight loss percent Ww. L. = x 100
o
Mass after impregnation
with water m'
Water pick-up Am = m'-m
Water absorption % a = _Ar_Ir_ln_ x 100
. m
Apparent density da = 5
Measured porosity % p, = a- da
True density (composite) dc (given in Table X)
dC - da
Calculated porosity % P = —g— X 100
c

The difference Ap = p - pm Wwill give the percentage of closed or
nonconnected pores, i.e., not accessible to electrolyte.

The shrinkage factor is defined as:

VO-V
o —-—,V.——xl()O
o)



At least two samples per set of conditions were run and averages are
presented for the magnitudes defined above for each inorganic material
as well as for pure zinc oxide.

The temperatures run in the first stage were 300°C, 500°C, 700°C,

900°C. In the second stage: 1000°C, 1200°C, 1400°C. The sintering
time was held constant (1 hour) to avoid introducing another variable.

Lower Temperature Range

Physical measurements, experimental data and calculated magni-
tudes, are given in table and graph forms for each material.

Material Tables Figures

OL I, II 1to4
Z III, IV 5to 8
M vV, VI 9 to 12

Added for reference are Tables VII, VIII and Figures 13 and 14 for
sintered pure ZnO.

Comments

Weight loss after sintering pellets with material OL and Z is less
than 3%, which is approximately the amount of organic material intro-
duced during the ball milling and granulation operations before sintering.
For pellets with magnesia (M), the weight loss experienced is greater
(when water is added to the mix for ball milling and granulation, mag-
“nesia is hydrated). Upon drying at 105°C, only free water is evapo-
rated. Molecularly bonded water is removed only during the high
temperature sintering operation. A confirmation of this phenomenon
can be found in the good fit of the experimental weight loss percentage
with the calculated loss of one water molecule. Selecting the pellets
exposed to 900°C for 1 hour and correcting for the loss of organic
binders, the data are presented in Table IX. Longer exposure at high
temperature would smooth out the small differences if they are not
experimental errors.

Pellets are relatively strong in the sintering range of 5000 to 900°C
with acceptable porosity.

For a given apparent density of the electrode, the water absorption
and porosity are constant over a temperature range of 300° to 900°C.

For a given sintering temperature and apparent density, the por-
osity is constant regardless of the composition of the mix.
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Am TABLE II

a=-—r-—n—-x100 p:dc-da.xl()().
4 Dy = 1" PELLETS dc
=m o .
2" PHYSICAL CHARACTERISTICSII Ap=p-p_
- Vo=V
Py =2 da Material: OL o= JV"' x 100
o
Material | Ratio Tc:)mp. a% d, p,% d. ph | Ap% | 0%
Cc (g/cc) | (g/cc)
OL 98/2 | 300 — - - — — | — |Disintegrated
500 20.2 2.53 51.1 5.40 53.2 2.1 0
700 20.2 2.51 50.6 5.40 53.5 2.9 1.0
900 20,6 2.54 52.3 5.40 52.9 0.6 0
90/10{ 300 18.9 2.51 47.5 5.13 51.1 3.7
500 20.4 2.49 50.8 5.13 51.5 0.7 2.0
700 20.5 2.49 51.1 5,13 51.4 0.3 4,0
900 19.3 2.54 | 49,1 5.13 50,4 1.3
80/20| 300 18.1 2.55 46,0 4,83 47.3 1.3] 1.8
500 18.3 | 2.53 | 46.4 | 4.83 | 47.5| 1.1 | 0.5
700 18.9.]1 2.52 47.5 4,83 47.9 0.4 0.5
900 18.8 2.52 47.3 4,83 47.9 0.6 1.1
65/35 300 - 20.6 2.27 46.17 4.45 49.1 2.4 0.6
500 18.0 2.40 43,1 4.45 46.1 3.0 0
700 17.5 2.44 42.17 4,45 45,1 2.4 0.5
900 17.9 2.39 42.17 4,45 46.4 3.7 0
50/50 300 10.3 2.81 29.1 4.12 31.7 2.6 0
500 10.9 2.82 30.7 4,12 31.5 0.8 0
700 11.4 2.81 32.0 4.12 32.0 0 0
900 11.8 2.80 32.9 4,12 32.9 0 0

10
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_Am TABLE IV d -d
a--—-——m x 100 p = cd 2 » 100
d =m Do = 1" PELLETS PHYSICAL c
a” T CHARACTERISTICSIT  APSP-P_
; . v -V
P, =2 d Material: Z o= oV % 100
o
Temp. da % dc _
Material | Ratio °c a% | (g/cc) pl_'n (g/cc) | p% |Ap% o%
Z 98/2 300 — — _ 5. 47 —_ Disintegrated
500 22.2 2.46 54,6 5,47 55,1 .5 0
700 22.0 2.41 52.9 5.47 56,0 3.1 0
900 22.6 2.41 54,3 5.47 56.0 1. 0
90/10 300 — — — 5.47 — — | Disintegrated
500 21.4 2.40 51.4 5.47 56. 2 4.8 0
. 700 23.4 2.37 55.5 5.47 56.7 1.2 0
900 23.3 2.37 55, 2 5.47 56.7 1.5 0
80/20 300 —_ — — 5.47 — - | Disintegrated
500 21.6 | 2.47 |53.1 ] 5.47 |55.1 0
700 19.2 2.61 50. 5.47 52.3 2.3 2.3
900 21.8 .48 54,1 5.47 54,6 .5 1.1
"l65/35 | 300 9.4 | 3.46 |32.5 | 5.48 |36.9 | 4.4 1.1
500 9.4 3.52 33.2 5.48 35.7 2.5 0
700 9.6 3.48 33.3 5.48 36.5 3.2 0
900 9.7 3.47 33.8 5. 48 36.6 2.8 0.9
50/50 300 — — — 5.48 — — | Disintegrated
500 19.6 2.55 49.9 5,48 53.5 3.6 1.0
700 21.0 2.43 50.9 5.48 55.7 4 1.1
900 19.5 2.56 49,9 5.48 53.3 3. 1.0
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a=lfm 00 TABLE VI d -4
m P =—3 x 100
d =m Do = 1" PELLETS PHYSICAL c :
v q CHARACTERISTICS 11 Ap=p- P
p_ =a.
m a . v -V
Material: M o =—2 % 100
v
o
Temp. | . d, 9 d.
Material | Ratio °c a% (g/cce) Pm? (g/cc) | PP Ap% c%
M 98/2 300 - - - 5.41 - — | Disintegrated
500 21.0 | 2.49 52.2 5.41 53.9 1. 0
700 21,8 | 2.53 55.1 5.41 53.2 1. 4.0
900 22.3 2,47 55.1 5.41 55.1 2.0
90/10 300 — - - 5.20 - — | Disintegrated
500 - - - 5.20 - — | Disintegrated
700 22.5 2,44 54.9 5.20 54.9 0 3.1
900 18.2 2.51 45.5 5.20 51.8 6.3 1.1
80/20 300 17.7 2.38 j 42.1 4.95 51.9 9. 0
500 21.6 2.37 51.2 4.95 52.1 0.9 0.6
700 23.3 2.29 53.4  4.95 53.7 0.3 0.6
900 23,1 2.30 53.1 4,95 53.5 0.
65/35 300 12.2 2.59 31.5 4.62 44,0 12.5 0
500 | 18.8 | 2.43 | 45,7 | 4.62 | 47.3| 1.6 0
700 18.5 2.46 45.4 | 4.62 | 46.8 1.4 4.0
900 18.6 2.38 44,3 4.62 48,4 | 4.1 0
50/50 300 13.8 2,19 |30.2 4,33 49.3 119.1 0
500 25.3 1.97 | 49.8 4,33 54,5 4.7 2.4
700 26.7 1.91 50.9 4,33 55.9 5.0 0.
900 27.1 1 1.96 | 53.1 | 4.33 | 54.7| 1.6 5.
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Figure 13. 100% ZnO, Absorption vs Sintering Temperature

28



Porosity

100

80

60

40

20

%o
m

L oY
?
300 500 700 900 T°C

Sintering Temperature

[ ¥ 4

Figure 14. 100% ZnO, Measured Porosity vs
Sintering Temperature

29



TABLE IX

WEIGHT LOSS OF PELLETS

WITH MAGNESIA

s = fraction of Magnesia in the original mix before sintering.

The calculated weight loss percentage is then:

W.L. % = 40.31_?_ m x 100
Weight Loss
Experimental

Magnesia Corrected for
Fraction Calculated Total Organic Loss

0. 50 18.3% 19. 1% 17.1

0.35 13.4 12,1 10.1

0.20 8.3 10.6 8.6

0.10 4.3 5.8 3.8

0.02 .O. 9 3.1 1.1
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TABLE X

TRUE DENSITY

If { is the fraction of ZnO (true density 5.47) in a mix of ZnO
and inorganic material of true density di, the true density of

the composite mix d¢ is related to the other densities by the
formula:

....l_ = -—L + L;g

de 5.47 di
The following table gives all composite densities for the
selected materials and rations to be investigated.

Ratio 98/2 | 95/5 | 90/10 { 80/20 | 65/35 | 50/50
OL
(d, =3.3) | 5.40 | 5.30 | 5.13 | 4.83 | 4.45 | 4.12
-~
«
o Z
S 1 (4, =5.49) | 5.47 | 5.47 | 5.47 | 5.47 | 5.48 | 5.48
=
M ,
(d, =3.58) | 5.41 | 5.33 | 5.20 { 4.95 | 4.62 | 4.33
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The calculated porosities p% are slightly higher than the measured
porosities pm% in the temperature range of 5000 to 900°C. The dif-
ference Ap is probably due to experimental errors rather than to the
contribution of pores inaccessible to liquid.

On the basis of the limited test data generated at this point, op-
timum criteria to look for are (not necessarily in order of priority):

Strength of the electrode
A range of approximately 50% porosity
No closed pores

No weight loss (This condition not fulfilled by Magnesia
militates against its choice because of the instability of
the matrix structure in the electrolyte medium.)

V Other constraints were added as higher sintering temperatures
were investigated.

Higher Temperature Range

The second range of temperature is defined as over 900°C up to
1400°C. It was soon established that, as expected, the physical prop-
erties would be very much dependent on the sintering temperature,
particularly beyond 1000°C. The absorption and porosity drop sharply
(Figure 15) due to the excessive shrinkage (Figure 16). Consequently,
the physical measurements on the 1'' diameter pellets were limited to
two selected materials, OL and Z, using selected ratios of ZnO and
inorganic and a range of sintering temperature from 800°C to 1200°C
for continuity purposes. Tables XIand XII give all pertinent data.
‘Included is a set of data regarding pure ZnO submitted to the same
process and sintering temperature for reference purposes.

Although the actual zinc oxide mix electrode will not be sintered at
over 900°C, it may be useful to sinter the mix itself at higher temper-
atures with the intent of modifying the binding of zinc oxide particles
with inorganic material particles. Blends sintered at temperatures of
1000°C, 1200°C, and 1400°C respectively were compared with the same
blends of powders sintered separately at the same temperatures.
Starting with ZnO, Z material and a blend of 80% ZnO and 20% Z, each
material was sintered separately at each temperature. Then, a blend
of 80% sintered ZnO and 20% sintered Z was prepared (for each sin-
tering temperature used). The blends sintered as blends were com-
pared with the mixes where materials were presintered then blended in
the same ratio. X-ray diffraction and reflection (color) under ultra-
violet light showed a more pronounced change with increased sintered
temperature. It was speculated that a solid solution was formed, at
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TABLE XII a -d
a= 42 4100 E— p= 52 x 100
. Do = 1" PELLETS 4 c
a = m/V PHYSICAL CHARACTERISTICSII Ap= p - p_
(AVERAGE OF 3 PELLETS) v v
Py =24, g = — x 100
v
[o]
Temp. da de
Material | Ratio oC a% | (g/cc) | ppm% | (g/cc)| p% |Ap% | o%
OL 95/5 800 | 16.9| 2.47 | 41.8 | 5.30 | 53.3[11.5] 3.5
90/10| 800 |19.2| 2.56 | 49.3 | 5.13 | 50.0] 0.7 1.9
900 | 18.0| 2.66 | 47.9 | 5.13 | 48.2| 0.3| 6.2
1000 | 14.0| 2.86 | 40.0 | 51.3 | 44.3| 4.3| 14.5
1200 | 0.4| 4.64 | 2.1 5.13 | 9.5| 7.4| 47.3
80/20| 800 |19.1| 2.49 | 47.6 | 4.83 | 48.4| 0.8 ©
1200 .0| 4.00 | 15.8 | 4.83 | 17.4| 1.6 39.3
65/35| 800 | 19.2] 2.37 | 45.4 | 4.45 | 46.8| 1.4] o0
z 95/5 800 | 23.1| 2.38 |55.2 | 5.47 | 56.4| 1.2 o
90/10| 800 |22.0| 2.50 | 54.9 | 5.47 | 54.9| o
900 | 22.6| 2.43 | 55.0 | 5.47 | 55.6| 0.6 .9
1000 {21.2] 2.50 |52.9 | 5.47 | 54.3| 1.6 .9
1200 | 12.4| 3.30 | 41.0 | 5.47 | 41.0] © 29.6
80/20| 800 |21.9| 2.43 |53.2 | 5.47 | 55.5] 2. 0
1200 |12.9] 3.18 | 40.9 | 5.47 | 41.9] 1.0] 22.0
65/351 800 |21.6) 2.43 | 52.6 | 5.48 | 55.6| 3.0] o0
M 80/20| 1200 | o 4.85 | 0 4.95 | 2.0 2.0} 55.9
ZnO 100/0 | 1200 {12.3| 3.18 | 39.3 | 5.47 | 41.8 | 2.4 | 24.3
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least on the surface of the particles, although a quantitative analysis
could not be performed to determine the depth of that layer. The sin-
tering time was again held constant (1 hour). It may be desirable
eventually to consider a longer sintering time to establish in the elec-
trical tests if the formation of more solid solution is beneficial.

If, therefore, the presintering of the mix helps in any way, the
mix can be used in the normal procedure (addition of binders, ball
milling, drying, granulating) for the fabrication of the electrode, which
can then be sintered below 900°C. Pellets were made using ratios of
90/10 for OL and Z and also 100% ZnO, following the two procedures
(normal and presintering). Tables XIII and XIV give their physical
characteristics.

Surface Area and Pore Size Measurements

First Series

A few samples of sintered pellets were submitted to other meas-
urements, surface area and pore size. The samples were 80/20 OL,
80/20 Z, and 80/20 M sintered at 700°C (normal process). The tests
were made on three different physical samples of each material.

The specific surface area was determined by the standard BET
technique using either nitrogen or krypton as the adsorbate. The results
are as follows:

Surface Area

Sample (m2/g) Adsorbate
80/20 OL 3.32 Kr
80/20 Z 3.53 Kr
80/20 M 20.70 N

The pore size was determined by the mercury penetration method
up to 50,000 psia. The pore size distribution is shown in Figures 17,
18, and 19, and in Table XV. It is worth noting that the so-called
water absorption, as previously defined, corresponds to the portion of
void consisting of pores over a certain dimension. The original data
curves giving penetration volume in cc/g versus the pressure in psia
may be found in Appendix A.

Second Series

In agreement with the NASA Program Manager, a few other com-
binations were selected for surface area and pore size measurements.
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(1)

TABLE XV

PORE SIZE DISTRIBUTION.

2)

(3)

% of Total
Penetration | Absorption Pore " Pore Volume
Volume (a) (b) Diameter
Sample (Sg.?. 100) (S-gg 100) g 100 (];31) Rgzge Cumulative
80/20 OL D>0.42 |0 0
17.5 14 80 |0.42-0.18| 80 80
D<0.18 | 20 100
D>0.29 | 1.5 1.5
80/20 z 20.0 16 80 10.29-0.13} 79 80.5
D<0.13 | 19.5 100
D>0.18 | 7.5 7.5
80/20 M~ 21.5 16 75 10.19-0.09] 67 75
D<0.09 | 25.5 100

(1)
(2)

of penetration vs pressure.

(3)

Determined under 50, 000 psia pressure.

Fraction percentage of total void volume where

absorption takes place. Compare to second line

of "Pore Volume, Cumulative. '’
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The choice of combinations was restricted by the maximum number
imposed by the work statement and by the elimination of the candidates
least likely to be used. For instance, magnesia (material M) was not
considered immediately suitable because of its excessive weight vari-
ation following wetting, drying, sintering, rewetting (hydroxide forma-
tion). Ratios of inorganic material too low or too high were temporarily
set aside in order to keep a fixed medium range, chosen to be 90% ZnO
and 10% inorganic, as a comparative basis. As the maximum strength
of the pellets was developed at the highest sintering temperature (below
900°C), the selected temperature was fixed at 850°C, Since the two
processes evolved (normal and presinter) have equal possibilities at
this point, both will be considered.

This screening narrows down the choice to the following combina-
tions: :

Materials: OL, Z
Ratio: 90/10
Sintering Temperature: 850°C
Process: Normal (N), Presinter (PS)

Table XVI gives a summary of pore size distribution and pertinent
information for all seven combinations. A few remarks are in order:

(a) It appears that the presinter process (PS) cuts down on
surface area and spreads the pore distribution when
compared with the normal process., It can be specu-

- Jated what effect this will have on the zinc electrode
performance: on one hand, the reduction of zinc expo-
sure to electrolyte may delay its corrosion; on the
other hand, reduction in electrolyte accessibility may
cause premature poor performance due to dryness.

(b) The effect of higher sintering temperature is known to
be shrinkage of pores which entails less electrolyte
absorption. It can be seen that the percentage of
pores corresponding to electrolyte absorption de-
creases from 93% (for the selected materials OL and
Z) to 85%. However, this is not considered a problem
since all pellets were originally made to the same
specifications of weight, size, and thickness, starting
with the same apparent density regardless of the sub-
sequent treatment. The electrode can be originally
designed so that it ends up with the desired porosity
and electrolyte absorption percentages after the sin-
tering operation.
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Incorporation of Additives

As the sintering temperature of the electrode will be higher than
the decomposition temperature of HgO and PbO, it was necessary to
develop a method for introducing such additives in controlled quantity
and uniformly throughout the mass of the sintered zinc oxide electrode.

The principle is as follows: The electrode is dipped in an acetic
acid solution where HgO or PbO has been dissolved. The amount of
mercuric or lead acetate solution picked up within the pores of the elec-
trode is enough to leave the desired percentage of HgO or PbO in the
electrode when the wet electrode has been dried and submitted to ap-
proximately 150°C for 6 to 8 hours to decompose and drive off the
acetic acid and acetates. Several analyses of controlled weight pellets
impregnated with controlled concentration solutions gave the predicted
HgO or PbO percentages. The concentration may be adjusted so that
one dipping is enough to leave the desired amount of HgO or PbO in the
electrode after drying and decomposing the acetate salts at high tem-
perature. A typical procedure is given here.

The sintered pellet (or electrode) of known absorption is dipped for
4 minutes in a 10% acetate solution of desired additive and desired con-
centration, then dried for 1/2 hour at 100°C, then heat-treated at 150°C
for 6 hours.

Using pellets of various compositions and materials, the absorption
was calculated rather than measured (the two absorptions are found to
be very close) to determine the desired concentration of the additive in
the acetic solution. The calculated absorption is given by the formula

o - 100 [L L
ac% = 100 (E_— d)

a C

where dy is the apparent density easily determined by simple measure-
ments of dimensions and weight and d¢ is the composite density (or true
density) as defined in Table X.

Tables XVII and XVIII give a summary of final determinations of
HgO and PbO in several samples. Aiming at 2% additive, the results
are reproducible within a very narrow margin. HgO was determined
by chemical titration and PbO by electroplating and gravimetry.

TASK II - ELECTRICAL CHARACTERIZATION

This task deals with the fabrication, testing and evaluation of the
cells using various selected electrode compositions.
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Preliminary Cell Tests

Preliminary cell tests were started to verify a few critical mile-
stones and establish a good basis for recommending the statistical
distribution of variables to be tested within the limits imposed by the
work statement.

The cell test design is certainly a critical factor in evaluating the
zinc electrode. In the spirit of the work statement, two positive and
one negative electrodes were used in order to make the cell zinc-
limited and thus run an accelerated test to more quickly bring out the
shortcomings of the zinc electrode. Rigid organic separator 3420-09
will be used as specified in the work statement. When the zinc electrode
is sandwiched between two separators forming a negative wafer, the
separator cracking caused by the expansion of zinc during its cycle life
is very often the failure mode of 'silver-zinc cells using this type of
construction. The reverse construction, namely the positive wafer
where silver electrodes are sandwiched and zinc is left outside is not
conducive to separator cracking. Thus, the zinc electrode can be fully
evaluated on its own merits without extraneous factors contributing to
failure. Variation of design is therefore another variable.

The wet process of HgO incorporation in the zinc electrode had to
be tested in actual cells to firmly establish that it is not causing any
unexpected effect.

Various ratios of inorganic to ZnO had to be scanned quickly to
narrow down the choice of the variables. This ratio varied from 5% to
20%.

The design characteristics are as follows:

Positive: Dimensions: 1.6" x 1.6" x 0,22"
Silver Weight: 4.5 g

Negative: Dimensions: 1.6'" x 1.6" x 0.070"
(including KT)

Mix Material: 6 g
HgO: 2%
The cells were cycled at 100% depth as follows:

Charge: 100 mA to 2.10 V
Discharge: 600 mA to 1.0V

Two groups of cells were fabricated (each variation includes three
cells), covering a total of 24 cells.
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Series ZN-25: Encapsulated Negatives

This series includes five groups of three cells each (all of the nega-

tive encapsulated type design).

Group A Control: Regular zinc oxide electrode
(not sintered)

Group B Sintered electrode: 100% ZnO .

Group C Sintered electrode: 95% ZnO, 5% zirconia
Group D Sintered electrode: 90% ZnO, 10% zirconia
Group E Sintered electrode: 80% ZnO, 20% zirconia

All electrodes had the same amount of mix material regardless of
composition. "

The cells were submitted to eight deep discharge cycles at 0.6 A

to 1.0 V. The 80/20 Z material electrode output is lower than 80% of
that of the control on every cycle. The outputs of other electrodes are
very close to one another, even after eight cycles. The same holds
true for the average plateau voltages. They were then placed on the
automatic cycling regime No. 2, as described in the work statement,

viz.

discharge at 1.2 A for 1/2 hour; charge at 0.66 A for 1 hour.

After a certain number of cycles, the cells were not able to sustain

such a high rate regime and were switched to a lower rate regime (dis-
charge at 0.8 A for 1/2 hour; charge at 0.5 A for 1 hour).

Tables XIX and XX give all cycles at various rates and other per-

tinent information.

Series ZN-31: Encapsulated Positives

This series includes three groups of three cells each (all of the

positive encapsulated design type).

Group A Control: Regular zinc oxide electrode
(not sintered)

Group B Sintered electrode: 100% ZnO
Group C Sintered electrode: 90% ZnO, 10% zirconia

The cells were submitted to seven deep discharge cycles at 0.6 A to
1.0 V then placed on the automatic cycling regime No. 2 described
above.

50



A0°1 03 VW 009 :931eydsiqg

I AVM JATLVOHEN HLIM

STTAD ST2-NZ 40 ViIvVd ISAL

XIX AT1dV.L

9€ T | 8€°T [9€°T |9€ T |9¢ 1| s€"T €€ 1 9¢€°1 o Z 02/08
OP'T | OF°T |6E°T |BE T |6E'T|6E°T] 8E"T 8¢ a Z 01/06
o1 | 6€°1 | I¥°T | 8E"1 _ 6e1 | 6T | 0V°1 |74 0] Z §/s6
6E°T{ 2P°T |OFP°'T ] 6E°T | 6€E°T | 8ET | 0¥ 1 (474 d OuZ %001 peIsjulg
b T et {ev 1 | 2h 1 [P T [ 1F 1| 19 1| ATFT \4 QuZ 1013u0)
(s310A) @8®3[oA .D.mwu,mﬁm o3eaoAay
€1 1 ¥1 S°1 S°1 S°1 L1 0°2 i Z 02/08
6°T| 6°T | 61| 12| 6°T1} 0°2} 1°¢2 ¥z a Z 01/06
0°2| 0°2 ) 02| 22} 02| 1°2| 2°2 G°'C ) Z S/96
0°2f 0°¢ 272 2°¢ 1°2 2°¢ €°¢ §°¢ d OUZ %001 peI9juls
I°2] 8°1 272 €72 €' §°¢ £€'2|uUvere A4 Qu7Z 1013u0)H
8 L 9 g ¥ € r4 I dnoin UOTIRIIR A
91240

(qv) £310eder) a8easay

A 01°2 03 VW 00T o3 1eyD

51



*3uroAo pajtwal] jo ajqeded [[13s SI[=D +

‘oanyiej 21039q sundal I2Yl0 0} PaYdIIMG

“(8%1) 6°0 89 | ,8¥1 +6L 19 8 S1
(8%1) 0°1 89 | +8¥%1 +PL 99 8 ¥1 | (Z 02/08)
(601) 0°1 99 | 4601 +06 15 8 €1 q
(€02) ¥°0 oL €02 811 LL 8 Al
(102) €°0 i 102 111 28 8 1t {{Z 01/06)
(s12) €°0 L S12 g21 28 8 01 a
(L61) L0 8% L61 0 681 8 6
(002) 9°0 89 002 z 061 8 8 (Z 5/56)
(661) ¥°0 89 661 1 061 8 L D
(L61) €70 08 2€T 4 ,OS , 8 9 (ouz
(L61) §°0 8L Tig €11 061 8 g - |(paadjulg)
(861) ¥°0 €L 9L2 8L 06T 8 ¥ g
(tog) L°1 L9 | 410¢€ +58 %802 8 ¢ (OuZ
(o12) €°1 ¥9 | +82¢ 418 V92 8 2 1013U0D)
(L1€) 0°2 L9 | plig +00T +602 8 1 v

(*ON 9194D) 4V | (shep) [so104D | 2y 2/1 10 ¥ 8°0[IU 2/T 10F V 02°T | A 0'1 03 ¥ 9'Q |9BI=UISIQ| "ON | UOHBLIEA
y29yD ayty | Te30L 112D pue
A31oedeD 1527 | oM IY[ A0V G0| IYT IOFV 99°0 [AQI°2TOIV 170 a3aeyD dnoan

awidoy poledipuy 1€ s9104D

(se1198 G2-N7Z)

AAAVM TAILVOEN HLIM STTHED A0 ALITIVAVD DNITOAD

XX HTdV.L

52



Tables XXI and XXII give a summary of their cycling data.

As suspected, the high rate charge of this regime (22 mA/cm?)
imposes a severe penalty on the cells; cycle life falls then in the range
of 200 cycles. This was demonstrated on several 5 Ah Ag-Zn cells of
the NASA contract NAS 3-10924™ where a similar regime with prorated
charge and discharge currents, called regime E, .gave the same type of
results (data obtained were erratic and ranged from 55 to 400 cycles,
with a representative average of 250 cycles).

It was recommended that this regime be revised as being in con-
flict with other cell design features. The separator used or to be used
is known to be satisfactory only at relatively low rates; the plate area
called out is such that the current density is ipso facto very high on
discharge and on charge; this in turn causes an inordinate amount of
gassing because of the necessary overcharge to keep the cell cycling.

All these factors obviously give erratic cycling results and may
blur the value of a new zinc electrode composition.

Selection of Combinations of Variables

The variables and variable levels to be considered would lead to a.
high number of combinations of electrode construction features., A
discriminative selection was made jointly with the NASA Program
Manager in order to limit this number to 20 as required by the work
statement with two control groups, A and B (defined later). Under the
direction of the NASA Program Manager, the cells were fabricated in
different groups at various times of the program, as data were
generated.

Prior to fabrication, it was decided not to consider the inorganic
binder OL because it was recognized that the presence of iron in its
composition would cause undesirable gassing in the zinc electrode.
Only one inorganic binder (zirconia) was used.

The variables and levels selected were narrowed down to the
following:

“A. Himy, Development and Testing of a Five Ah Silver-Zinc Cell,
Final Report NASA CR-72551, Astropower Laboratory, McDonnell
Douglas Astronautics Company, Western Division, July 1969.
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Inorganic Binder: Zirconia (Z)

Ratio: 95/5, 90/10, 80/20
Process: Normal (N), Presinter (PS)
Additives (Hg, Pb): (2%, 0%), (2%, 1%), (2%, 2%)

Grid in zinc electrode: Exmet 5 Ag-14-1/0 (flat structure)
Distex 5 Ag-38-1/0 (honeycomb)

Design: Encapsulated negative or
negative wafer (=) w
Encapsulated positive or
positive wafer (+) W

Separator: 3420-09, 3420-25
The following were maintained constant:

The sintering temperature (850°C)
The electrolyte concentration (30% KOH)
The negative and positive interseparators (10 mil-KT)

The electrode thickness, weight and porosity.

All combinations and control groups are listed in Table XXIII, al-
though not in chronological order. The successive tests were as follows:

(a) Combinations 1 to 4 were intended to screen out minor
~ variables. Using one binder material Z, one ratio

(90/10), one process (normal), a standard amount of
amalgamation (2%), and separator 3420-09, the varia-
tions were carried out on the grid (Exmet 5 Ag-14-1/0,
which presents a flat structure and Distex 5 Ag-38-1/0,
which presents a honeycomb structure) and on the
electrode pack assembly design (encapsulated negative
contrasted to encapsulated positive). Control group A
used standard zinc oxide electrodes, made with un-
sintered zinc oxide mix containing 2% HgO and using
the Distex grid and the encapsulated negative design.

(b) Combinations 5 through 12 had one important change
besides electrode compositions: NASA Technical
Direction No. 2, dated 1/22/69, and No. 3, dated
1/10/69, ordered the use of separator 3420-25,
Control group B is essentially the same as control
group A except the change in separator.

(c) Combinations 13 through 20 used the former separator,
3420-09, as redirected by NASA Technical Direction
No. 5, dated 4/23/69.
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TABLE

XXIII

COMBINATIONS OF ELECTRODE VARIABLES

Comb. Design Ratio Additive
No. |Separator| Grid |(wafer)|(ZnO/Binder) |Process | (PbO %)
A 3420-09 |Distex| (=) w 100/0 Not . 0

sintered
1 " Exmet| (+) w 90/10 N 0
2 H Exmet| (-)w " N 0
3 " Distex| (+)w n N 0
4 " Distex| (-) w " N 0
13 1 Exmet i " N 1
14 1t 1! 18] 11 N 2
15 11 11 i1 11 PS 1
16 11 11 " 11 PS 2
17 " n " 80/20 N 1
18 13 1" T 11 N 2
19 11 1 it 11 PS 1
20 11 1" 1] 1 PS 2
B 3420-25 |Distex| (-)w 100/0 Not 0
sintered
5 n Exmet " 90/10 N 0
6 1" 1 11 1 N 1
7 1" 11 11 " PS 0
8 11 1 1t 1t PS 1
9 " t 1" 95/5 1N 0
10 11 1 11 11 N 1
1 1 1" 11 1 11 PS 0
12 1" 11 1 11 PS 1
Constant: Binder: Zirconia

Sintering Temp: 850°C
Amalgamation: 2% HgO
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Each combination or group consisted of nine cells to be tested in
subgroups of three cells on three different regimes. ‘

The breakdown of the number of cells (limited by the work state-
ment to a maximum of 250) is as follows:

Preliminary cell tests: 24
20 combinations and 2 control groups: 198
Repeat of 2 combinations: 24
Zinc efficiency tests: _4
250

Testing

All cells were first tested identically. After a formation cycle,
they were submitted to four deep discharge cycles, each at a different
rate.

After these five manual cycles, they were divided in groups of
three cells each, which were submitted to different automatic cycling
regimes. '

The manual cycling consisted of a formation at 100 mA charge to
2.10 V cut-off (maximum time limited to 24 hours) and 600 mA dis-
charge to 1.0 V, followed by four cycles each at a different rate to
0.9 V cut-off:

30 mA
600 mA
1.5 A

3.0 A

The automatic cycling covers three regimes defined as follows:

Regime 1 ¥ 3
Temperature 100°C 25°C 25°C
Period 1 hour 1.5 hours 24 hours
Discharge 0.60A/0.5hr 0.9A/0.5hr 1.2A/1.2hr
Charge 0.66A/0.5hr 0.50A/1hr 70mA/22. 8hr

*'I'he original regime No. 2 (discharge at 1.2 A for 1/2 hour, charge
at 0.66 A for 1 hour) was modified by NASA Technical Direction No.

3. dated 1/10/60.
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The cells were cycled continuously and stopped about every 100
cycles for a capacity check on Regimes 1 and 2, corresponding to 4
days cycling on Regime 1 and 6 days on Regime 2. The capacity check
of cells on Regime 3 was done only every 30 cycles, corresponding to
30 days cycling time. The tables presenting cycling data refer to this
operation as check points.

When a technical failure occurred (discharge voltage dropping be-
low 1.0 V before the end of the discharge period), the cell was recharged
and its capacity checked. If it was found to be over the cycling capacity
requirement, the cell was put back on cycling. The tables presenting
cycling data refer to this operation as cycling failures. In several in-
stances, however, in the later part of the program, it was found desir-
able to avoid repeated and frequent 100% depth-of-discharge cycles
which may cut down on the performance of the cell cycling on a par-
ticular regime. Therefore, in agreement with the NASA program
manager, it was decided to give the cell two consecutive charge periods
(skipping a discharge) if it reaches a cycling failure; the cell was then
left cycling if it resumed its normai cycling performance.

When the cell failed completely, the failure was classified as tech-
nical failure (TF) if the cell could not meet the cycling capacity require-
ment on a capacity check, or catastrophic failure (CF) if the cell could
not cycle or accept charge.

Control Group A and Combinations 1 through 4

Manual Cycling

The data of the five manual deep cycles given to each combination
(group of nine cells) are presented in Tables XXIV through XXVIIL

Capacity and plateau voltage variation with discharge rates are
shown graphically in Figures 20 through 23. Figure 24 shows a typical
set of discharge curves at various rates,

The cells of combinations 1 through 4, destined to be placed on
automatic regimes 1 and 2, were discontinued after approximately 200
cycles for regime No. 1 (because they were by error cycled at room
temperature instead of 100°C) and approximately 80 cycles for regime
No. 2 (because the discharge rate, originally 1.2 A, was modified to
0.9 A by NASA Technical Direction No. 3). Consequently, the 24 cells
involved were discontinued. The automatic cycling data of these cells
are presented in Tables XXIX to XXXIL

New cells were fabricated for the correct tests. Tables XXXIII to
XXXVI give the manual cycling data of the new cells noted A affixed to
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Figure 24. Typical Discharge Curves of Test Cells
During the First Four Cycles
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their respective code to indicate that the tests are carried out on re-
peat cells of the same design.

Automatic Cycling

The data are presented in Tables XXXVII to XL.I. The status of
each cell at the end of the program is also indicated.

Control Group B and Combinations 5 through 12

This category used the separator 3420-25. The manual deep cycles
presented in Tables XLII through L give mixed results. As these cells
were the first builtwith the rigid separator 3420-25, the charge regime
of constant current to a cut-off voltage of 2. 10 V appeared to be exces-
sive for this separator (it is known that zinc penetration is promoted
by overcharge). Consequently, about half of the cells shorted between
two and five cycles. The cells that reached five cycles safely were not
considered worth placing on automatic cycling.

Combinations No. 13 to 20

In this category, the fabrication reverted to the separator 3420-09.

Manual Cycling

The data of the manual deep cycles are presented in Tables LI
through LVIIL

Automatic Cycling

The data are presented in Tables LIX through LXVI with the status
of each cycling cell at the end of the program.

Failure Analysis

The zinc electrode degradation is due to two factors — loss of active
material with cycling, and reduction of efficiency of the overall elec-
trode material. It was, therefore, necessary to determine the extent
of each one.

The physical loss of active material was determined by comparing
the original weight with the final weight after the cell had failed. All
weights were compared on a ZnO basis. The percentage (€%) of resid-
ual active material was thus computed.

78



‘wreaSoad jo pus je BuloAd [[13s (8D =

(+)

(f310edeD) zequumN °194D = (DIN

‘21240 10 98aeyo j3deode jouurd [[9) — oinjleq otydoaiseied = gD

*3{09YD

£310edeo ® uo jndino juswsrinbaa 3uIrodd ayj I9AIfep joUURD [[9D — 2anjle [edtuyds] = JI
AL AL AL AL AL (+) AT AL AT, SPON sanyte
€9 09 8¢9 20S 209 864 20¢ €o¢ 9¢¢ o124) snjelg
(9°0) 869 (ODIN  °9
(¥ °0) 20s| (¥ °0) 205 | (9°0) €0& (CBIN  °S
(8 °0) 20¥ | (9°0) 20¥% | (8 °0) €0O¥% (OIN %
(9:0)20¢| (5"0)L0g (9 0)80¢| (2 0)20g| (Z2°0)€0¢ (OIN €
(F#:1)€9 |(2°1)09 |(0°1)85 | (L°0) %02 | (G 0) %02 | (L 0) %02 | (¥°0) 502 | (s 0)502|(2°0) 502 (OIN "2
(1°2)82 [(0°2)82 [(0°2)82|(6°0) %01 | (8°0) %OT | (T “T)HOT | (L T)LOT| (S T)L0OT|(0°T)L0T (OIN T
syoayD Ajidede)

€L~V (A% 4 e~V €2~V 22~V 12~V €1~V | 1~V I1-V ‘ON T12D
¢ awidoy 7 swideyg [ puwalday

9pPOoI32aH [0IIU0CD

V SHIYHS NO V1VJd ISHL

IIAXXX TdV.L

79



cwueafoad jo pue je JuidAd [1Is [[°D =

(+)

{FaroedeD) asqumy °124D = (DIN

01045 10 o8xeyd 3dodd® JoUURD [[®D — SANTIBL omydoxzseied = JdD

: *3[09YD

£310eded e uo jndno jusweainbax Suroho oy} I9AI[ep jouUUERD [[9D — 2an[ieq [BIIUYSSL = JAL
(+) JL AL AL AL AL AL AL AL 9pON 2anited
¥21 9% 811 269 Gg¢g9 169 006 006& - 86% 9104D snjels
(¢°0)s€9 (N . "L
($°0) 266 | (L°0)909| (¥°0) 165 |~ (DN 9
(8°0) 26% | (9°0) 106 (5 °0) €05 {(2°0) 005 | (1 °0) 00§ (1°0)86% (OIN g
(9°1) %21 (#°1)8111(9°0) €6¢|(5°0) 10%| (9°0) €0¥ [(¥°0) 00% (#°0) 00% | (9°0) 00% (OIN %
(8°1)88 | (F 1)9¥|(1°2)88 |(T1-1)g62| (¥ 1)10¢ (7 1) €0¢ Q.Bmmw (7°0) 662 |(2°1) 662 (OIN ¢
(L°1)09 |(s 1)8¢|(0°2)09 |(¥°1) 61| (€°T)661 (S°1) 102 (P 1) 661 (F°1)661|(¥°1)661 (OIN "2
'1te e nreje e j(ern)torj(e 1) 101 (1) 101 [(1°1)oor| (T °1)00T{(2"1)00T (OIN 1
syoeyD AjioedeDd

¢el €T 1€1 vezl " XA A YA VETT VZIl VIIT *ON 118D
¢ swidey 7 awaiday 1 ewi8sy

T "ON NOILVNIGWOD NO vIvd LSAL

TIIAXXX A19dVL

80



(£319=de)) zaqumN 31940 = (TIN

01042 10 oFaeyd jdoooe jouued (oD — oinfieq olydoaiseyed = gD

*309YD

£310eded ® uo jndino juswaambaax Jui(odo oy3z 1oAI[ep joUUED [[9D — SINTIE] [BITUYOST = AT
AL AL AL AL AL AL AL AL AL 9PON danjied
1. <9 06 009 L89 629 009 6672 66¥ 9124D snjels
(5°0) L89| (5 °0) 98¢ (CIN “L
(8°0) 565 |(8°0)98¥% (OIN °9
(s°0)00s| (6°0) 6% |(5°0) L6€E {{2°0)00S (Z2°0) 66¥% (OIN °S
(7 1) 1L (0°1)00%| (9°0) 90% | (6°0) L62 [(€°0)00F (¥ °0) 00% (OIN ¥
(6°1)09((5°1)09 (¥ 1)06 [(8°0) T0E| (1°1)90¢ | (1 T)¥61 }(G°0)662](2°0)662 |(S°0) 662 (OIN "¢
(L 1)es | (s 1) 1S [(8°1)09 |[(L°0)202| (+°1) €02 | (S 1) TOT {(8°T) 66T |(L°T)66T |(6°1)66T (OIN "2
(o' 1e | ) 1el 2 D1 [(z )ooT| (s 1) 10T | (S 1) 6L |(6°1)00T |(L"T)00T |(6°1)00T (OIN "1
syooyn AjioedeD

€ee 2¢el ¢ veid vZid A AXAA <mHN. veie VIiZc ‘ON TI®D
¢ awideyg 7 swidayg 1 2wideyg

XIXXX HTdV.L

2 ON NOILVNIWOD NO VIV(Q LSH.L

81



(£310ede)) zoqump 21240 = (DIN

‘01242 10 93xeyd jdedd® jouued [[9D — 2anNJie g oydoaxjseiend = gD

. 309D

£310eded e wo Indino jusweainbaax Suld4d oy I9A1Sp jouued [[9D — 2an[ieq [ediuyds] = JIL
AL AL AL AL AL AL AL ID a0 SPON d4anyte
LS 9¢ 121 0€9 €69 76 662 L8% L8% 91240 smyelg
(¥°0) €65 |(5°0) 768 (OIN "L
(s .ovw.om (8°0)26% |(6°0) 56% (CIN "9

(0°1)86% | (9°0) 26€ |(L0) 56¢ (0)28% | (0)L8% (TIN 9

(e D121 [(9°0)86€ | (¥°1)882 | (1 1) 167 (€0)88¢ |(¥°0)88¢ (OIN %

(s 1)16 |(F 1) %62 |(F 1) 06T |(G°T1)061 [(2°0) 662 |(¥°0)662 (9°0) 662 (DN '€

F D25 {(# 1D 9¢ |8 109 [(F D) €61 [(€ 1) 10T [(§°T)T0T (1) 66T |(L°T) 66T |(L71)661 (OIN "2
(-1 1g [(s° D 1€ {2 1)1€ [(TrDror|(e DL |(s 1)el [(2 1)00T {(1 1) L6 [(1°1)00T (OIN "1
s)oaYyD Ajioede)

eee (A%% Iee veele viee Vize Vele vVZi¢ VIIiE ‘ON TI®D
¢ aunday Z 2ungday [ ewday

€ ON NOILVNIEWOD NO V1IVd LSHL

X 3 T1dVL

82



(A31oeden) azequmnp 924D = (DIN

‘o104> 10 o81eyd 3dedde jouued [[8D — In[le g oiydoaiseied = gD

. . *329Yyd

£310edes e uo Indjno juoweambsx Suld4d oy} I3AI[SP jJouURD [[D — INTIRL [BIIUYISL = AL
AL A0 L AL AL AL dL JL gD SPON 2anjteq
0¢ 8% r4s 0LS 959 185 662 662 9872 a124D snyelg
(¥°0) 959 (OIN "L
(s°0)0LS| (9°0) ¥65 | (¥°0) 189 (OIN "9
(8°0)s8%| (0°1)€6¥| (8°0) €6¥F (DN 'S
(F°1)8%| (s 1) 25| (9°0) s6¢| (s °0) 0¥ | (S °0) 20F (OIN ¥
(9°1)s¥| (9 1) 2% | (970) L62| (9°0) c0€| (9°0) 20€ |(2°0) 667 (1°0) 662 (0) 98¢ (OIN ¢
G 1 osl (2 1sel (@ 1)sc|(670)861] (2°1)€02| (0°T) €02 [{S°T) 661 (1°1)661}(9°T1) 661 (OIN ‘2
oiel e el gl o ot} 1) tot| (9°1) 10T [(6°1) 00T (L°1)oo1| (1°2) 00T (DN 1
: syoayD Ajioede)

1 X% 4 ra% 4 1€% veer \WAA VIid¥y Veiy Veiy VIily *ON T1I°D
¢ auatBoy 7z sundsy 1 eundsy

¥ "ON NOLLVNIEWOD NO V1Vd ISH.L

I'IX 371dV.L

83



ASZ'T UV ¥°1

APE’T UV LT

AEY T UV 6°1

AZ9°T YUV 6°C

APP T UV T°C

afeisAy

A9Z°T UV G°I
ASZ'T UV ¥°1
A€Z'T UV 2°1
A¥2°T UV F°I
ALZT UV 9°I
AGZ°T UV 9°1
AVZ'T UV ¥°I
A9Z2°T UV ¥°1

ALZ'T UV 8°1

A9E°T |uv 6°1
A¥ET |UV 9°1
A€ET UV 9°T
ASET UV 9°T
A9E'T |UV 81
A€ET [UvV 9°T
AFPE T {UV 9°1
A9E°T |9V 9°T

ALE'T UV 8T

AECy T UV 0°2
AEP'T [UV 6°1
ATP'T UV 971
ACP'T UV 8°1
ASY'T UV 0°2

AEY 1T [UV 8°I

AEV'T [UV 0°C -

AP T UV 072

ASY'T UV 0°C

AZ6°T UV §°¢
AZ6°T UV 9°2C
A25°1 UV §°¢
AZS°T UV 672
AZ8°T (UV 6°C
ATS°T |UV §°C
AZ8°T |UV ¢°¢
A28°T |UV 672

A29°T |UV 6§72

APP°T |UV 172
APP°T |UV 0°2
APP°T |UV 0°C
AFP°T |UV 0°2
A¥PP°T |[UV 1°C
APP°I .£<H.N
AVP'T UV 172
A¥PP'T UV 0°C

A¥P°T [UV T°C

ce-g
2e-d
1€-9
€z-d
22-4
12-d
c1-a
21-4

11-d

93ej0 A | IndInQO
nesjeld

adejjoA | indino
neajeld

a3e110A | Indino
nealeld

a8e3[0 A | IndinQ
neajeld

23ej310A | mding
neajeid

(v €)
¥ 21240

(Vv g°1)
¢ o124D

(v 9°0)

2 91940

(vw0g)
1 124D

(v 9°0)
uoewio g

Iaqumpy 112D

(§2-02%¢) g dnoan [oI3uo)

VIVAd ILSHL ONITDOADHYEd

II'IX 3T1dV.L

84



*o704D 3s®] I93Fe I0 OT0AD Po3edTPUl je 23I'YDSI UO pITled

e
3R

ApzT luv o 1 |ALET |UV 8 T [APP'T {UV6'T |ATS'T UV E'T | AFY'T | UV 27T s8eroay
" ATS'T UV $°2 | ASP'T| UV 2°¢ %€€S

A¥2'T |UV 17T >.om.~ YV 9°1 |APF'T |UV LT [ATIS'T (UVF'C | APP'L| UV 22 2¢es
ASz T luv e 1 |ALE T |UVO'2 [APP'T |UV 0°C | ATSTT Uy $'2 | A¥P'T | UV 0°C €8
AO02Z°1 &4@5 ALE'T |Uv LT |A®PT UV 6°T [ ATIS T [UV €°C | AFPP'I yv 2°¢ €28

% A9E'T |UV S T |AEP'T |UV LT |AISTT UV €72 AESP T | UV 2°C *Nmm
AGZ'T (UV 8T |A6E'T |UVO'Z | ATV I YV 1°2 | AIS'T UV €°2 | AFP'T| UV 272 12S
AczZ' T luv e T [ALE T |UVIZ |AEP'T |UVO'Z | ATSTT Uv €72 { APV | UV £7¢ €18
APZ T UV S T |ALE T |[UV LT [AEP T [UVL'T | ATGTT yv #°2 | AEP°1 | UV 2°¢ w18
AP T UV H T [A9E"T UV 9T |AER T |UV BT AIS'T |UV #°2 | AZV' 1| UV 17T I1S
agejoA | ndino | @8e3foA | IndInO afe1toA | Indino |e8eifoa | Mding a8ej10A | Inding | xeqump 19D
neajeld neajeld neajeld neajeld neajeld

(v ¢) (Vvs'1) (v 9°0) (vwog) (¥ 9°0)
$ 9124D ¢ 91240 7 91240 1 o1°4D uotjewao g
G °*ON UOIjeUIqUIOD

VIVA LSEL DNITOADIEd

IITMIX 319dV.L

85



*2704AD 3s®] I93Je IO S]0AD pPojedIpul je 93IeYydaa uo parle.d

ATZT 1AV 6°0 | APE°T |UV €T |AZP T |UV LT [AZS'T |UVF'2 |ACP'T | UV 2°C o8eroAy
AZZ°'T UV 6°0 | AOE T |UVH'T |AFP T UV 8 T |ATZS'T |UVS'C [AFP'T |UV I'T €€9

" ASGE'T UV 2T |ACP T UV 8L >~m..~ Uy ¥°'2 | AOP°T | UV 2°C 2¢9

« ASE T |UV €T |AZP'T UV 8'T [AZS'T |[UVF'C |APP'T UV I7C «1€9

« ASET|UVET |AESHF'T UV 6°T [AZS'T |UVF'Z |ATP'T |UV 17T X

% AFPE T UV €T |AZP°T |UV LT |AZS'T UV €2 |ASY'T | UV 2°C 229

% APET|UVHT |ATIPT UV ST [ATS°T UV P2 |APP'T | UV 270 129
A0Z°T |UV8°0 | AZ€’°T UV 11 | A TFI uv LT {AZS'T |UV G2 {APP'T | UV 172 €19
ATZ2°T|UV 60| APE T |UVE'T [|AZHF'T [UVO'T [ATS'T [UVS'Z[APP'T | UV IC 219

% AGET|UV I'T |AZP°T [UVO°T |ATS'T |UVF'2Z |APP'T | UV 2°C W 119
a8e10A | 1ndino | e8e3fo A | mmding [ s8eyop | Indino [o3e3o > inding | =o8eit0A | Inding | zeqump 119D
nesjeld nesjeid neajeld neajeld neajeld

(V €) (vs-1) (v 9°0) (v og) (v 9°0)
$ 91040 ) .9 Z 91240 1 21240 uoIjewIo g

9 °"ON UOT}eUIqUIOD

VIVd ILSHL DNITOADHYIL

ATIX HTdVL

86




ATZ*T |V €°T | APE'T [UV 971 | AFP T | UV O'Z [ATS T |UV €2 | ASP T | UV €72 ofersay
A0Z°'T |Uv e T | AGE T |UV 6 T | AP T UV 6°T | AIS'T |UV ¥ | ASYV'T | UV £ el
AZZT UV 9°T | A9ET {UV 8 T | APP T UV I'Z | AIS'T | UV ¢z | Asp T |uUv ez (4 %2
A0Z'T luvso| APE T |UVH T | APP 1| UV H'T | ATS'T |UV €°2 | ASP'T | UV £72 el
ATz T lav e 1| Aze 1 |UV ST | APP T UV 02 | ATIS'T [UV €' | AFP'T | UV €72 €l
Atz T |uve 1| ASET|UVS T | APP 1| UVE'T | ATIG T |UV E'C | ATV T | UV €°? 2L
Aoz T luv 11| AOET UV Z'T | APP 1| UV 8T | ATS'T |UV €72 >m¢.ﬂ. v €°¢ 2L
ASI'T |uv 80} A9Z T |UVH'T | APP 1| UV O'2Z | ATIS'T |UV E'C | AFP'T| UV £7C eIl
AZZzT luv e 1] ALET|UVO 2| APP'T| UV 12| AIS'T |UV EC | AGP T | UV €°¢ 2Tl
AOZ T AV L T | A9S T [UV L T | APP'T| UV I'2 | ATS'T (UV E°2 | AFP T | UV €7C 11L
a8ej0A | Indino | @8e3foA | mding |93wifoA | IndinQO a8ejjo A | Indino |o8e3oA | ndinQ | F9qumN 19D
neajeld neajeid neajeld neajeld neaje(d
(v €) (vs-1) (v 9°0) (Vvarog) (v 9°0)
¥ 9124D € 9124D 7 914D 1 21940 uo13eUIO

L °ON uoweulquIoDd

V1IVvVd ILSHEL ONITDADHYUd

ATX JTdVL

87



*2104D js®[ I93Je JI0 914D pojedipul je a98ieYdal uo poarled

E

AG6ZTIUVE'T {AFF'T |UVO'T | AES'T UV H'2 | ASGP T | UV 2°C s8eroAy
% ASE T |UVH T [A9P'T [ UV 88 T |AES T |UVF'C | AFPP T | UV 1°C %€€8
" A9E T UV L T [ASP'T | UV LT [AES°T [UV 2'CZ | ASP T | UV €°C wmmw
" AIZ2'T |UVI’I APP T | UV ST |AES T |UVH 2| A9V T | UV 2°2 %Hmw
" AOE'T [UV Z°'T JAEP'T | UV LT |AES' T |UVH'Z | AGP'T | UV €70 *mmw
% AZ2T UV IT |AESHP'T |UV ST | AZS'T |[UV ¥ 2 | ASP'T| UV €°C *wa
" AZS'T UV F°2 | A9P'1 | UV 072 wﬁmw‘
« ASGZ'T|UV I°T [ ACT'T .£< A >wm.~ Uv #°2 | ASY°1| UV 2°¢ LE18
” ACSS'T |UV ¥°2 | ASP'T | UV 1I°¢C *NHw
" AESS T |[UVF°C | ASP T | UV 2°C L 118
agejjoA | Indinp | @8eijon | mdingo | s8eiop | mding [e3eioA nding | o8eifoA | mding | asqump 119D
nesjeld neajejd neajeld neajeld neajeld
(V €) (Vs (V 9°0) (v 0g) (V 9°0)
$ 91249 € 904D 7 904D 1 21240 uoTjeuwIo

g °*ON UOI}RUIqUIOD

VIVd ILSIEL DNITDADHYA

IATX H7dV.L

88



*o104d 3sel I93Fe 10 914D pejedrpul je 931eydel U0 paIled

>NN..~ AV I°T [ AOE°T [UVI9'T |APP'T [ UV BT | AZS'T JUV L2 | AOP°T UV L'T ofersay
AZZT|UVO'T|ASZT |UVI'T [APP'T | UV L'T| AZS'T | UV L 2| AZF T UV 671 €€6
" ALE'T |UV 22 |APP'T | UV O'2| AZS'T |UV L2 | AOT'T |UV 2°1 *Nmm
ATZT|UV6°0] A82'T |[UVS'T [ASP'T | UVB8 T | AZG°'T | UV L 2 | ABE'T |UV L°T 1€6
AOZ'T|UV 60} A92°T | UV 2'T |ASHP'Ll | UV 8'T| AZS'T|UVB'Z | ATZF'T |UVB'I €26
" ASP'T | UV O0'2| AZS'T | UV 9°C >:u.~, uv 0°¢ %NN@
" ASP'T | UV 8 T | AZS'T LUV L'Z | AZF'T |UV 8°1 %ﬁmo
AFPZ T UV I T [ ATE'T UV F'T | APP'T | UVH'T| ATIS'T| UV L 2| ABE'T |UV LT €16
e ALE'T |UVO'Z|APP T | UV I'2| ATIS'T| UV 82| AO¥"T [UV €71 *N;
ATZT|UVS T A9E'T | UVO'Z| ASHP'T | UV 6 T| ATS'T| UV 9’2 | AOP'T |UV 671 116
a8ejtoA | indingo | o8e3oA | Inding [e8eifoa | nding |e8eiop | nding |o8eifop | Inding [ asqumpy (12D
neajejqg nesajeld neajeld nesleld F neajelq
(v €) (v s°1) (v 9°0) (Vw0g) (v 9°0)
$ o104D € 9104DH 7 91240 1 914D UOT}eULIO g

6 "ON UOHBUIqUIOD

VIVA LSHL ONITOADH YL

ITATX d1dV.L

89




*910402 3se] 10 9[040 pejedipul I9jje 23aeYdea Uo pafled

A8Z°'T |UV6°T | ABE T UV 2Z°2 | AGHP'T|UV 6T |[AZS'T UV 9’2 | ATP'T | UV 671 SRR EN
" ASGP T{UV 8T |ATS T |UV G°2 | AZP'T | UV 0°C €eol
" AGE'T |UV T2 F ASP'T|[ UV 6T |[AZS°T |UV 9°2 | AZP'T | UV 671 5 €01
" ALET{UVO'Z | ASP T UV 6'T |ATIST [UVB'Z | AOYP'T | UV T°C % 1€0T
" ASP'T| UV 9T | AZS'T |UV 92 | ATI¥'T UV 0°C €201
ASZ°T [UVO0°2Z | ASE'T UV EZ | ASF'T|UVO'Z | AIG'] UV 8'Z | AT¥V'T | UV 8°1 2201
ALZ'T UV 6°T | ASE'T |UV €2 | ASGPT| UV 02| AZS'T |UV 92 | ATP'T|UV 6T 120T1-
ALZ'T|UVO°Z| ASBE'T |UV €2 | ASP'I 4V 0°7 >wm.ﬂ Uv 9°2 | ASP'T UV 671 €101
ASZ°T |UV 8 T | ASE'T|UV 02| ASP'T|UVO'Z | AIS'T UV 9°2Z | AZP'T | UV 0°C 2101
" ASET|UVIZ | AFP T UVH T | AT [UVS'Z | AP T | UV 6T % L10T
s8ejfoA | Inding | 98e3fo A | Indino | eFeifop | mding |e8eijop | nding |efeijop | Inding | FdqUMN (12D
neajeld neajejd nesje[d neaje[d neajeld
(v €) (Vs°1) (v 9°0) (v 0€) (v 9°0)
$ 9124D ¢ 924D Z 91°4D 1 21°4D uoT3eWIO

01 °ON UOT}EUIqUIOD

V1vd LSHEL DNI'1DADA dd

IITATX HTdVL

90



21040 35®] 10 910AD P9jeDIPUL I93Fe 93I1eYDISI U0 pofled ,

>©N..H UV 9°T | ABE'T UV 02 | ASP'T| UV I'Z | AZS'T UV G 2 | A¥P'T | UV 2°C¢ o8eraay
" ASP Il UV €2 | AZS' T (UVF 2 | APP T | UV 1°C LEETT .
" ASP T UV 8T |AZS'T |[UV9'2 | AFP'T | UV 1°C «CETT
" ALE'T UV LT | ASP'T| UV 0’2 | AT |UV S 2| APP T | UV 2°C L LETT
A9Z°T UV ST | ASGE'T |UV Z'Z | ASP' T UV E°Z | AZS°'T |UV G2 | AGYV T |{ UV €°C €21l
" ASBE'TIUV LT | ASP'T| UV I'Z|AZS'T|UVS 2| APP°T| UV 1°C Lol
« ASY'T| UV T2 AZST|{UV G2 | APP'T| UV T°C L LCTT
A9Z'T JUV 9°T | A6GE'T |UV 22| ASP'T| UV I'C| AT |UVFH'Z | APP'T | UV 2°C €III
« ASP'T| UV EC'2| AT T |UV G2 | APP T | UV £°¢ W CTTT
" ASPT| UV 6T | AES'T |UV S 2| APP T | UV 1°C W LTI
o8ei0A | Inding | o#8eifoa | mmding |o8eioa | mding |s8eion | mding |e3eifop | MdInQ | IsqUMN 119D
neajeld neajeld neajeld nesjeiqd nesjeld
(v ¢€) (vs'1) (v 9°0) (Vv og) (v 9°0)
¥ 9124D € 9124D 7 9104D I ®124D uoijewIo J

1 "ON UOLBUIqUIOD

VIVA LSHL DNITOADI YL

I 4TI VL

91



*0104D 3se[ 10 9104AD pojedIpul A93ye 931eYdSI uo pafled

AOZ' T UV I'T | ATE T |UVH'T | APP T | UV L T | AT |UV G 2 | ASYP'T | UV 2°C o3e1say
" AZET|UV ST | ASP T UV O T |ACS'T UV S°2 | ASYP T | UV 2°C %mmmﬁ
" AFPP 1| UV I°C | AES'T [UV G 2 | ASP T | UV €°C L cecl
ATIZ'T AV 6°0 | APET |UV LT | APP°T| UV F'T | AES'T |UV G C | AOP'T | UV 2°C 1¢21
« ASET|UVS'T | APP'T| UV S T | AES'T UV G'2 | ASP T | UV 2°C Lfecl
" ASPT|{ UV 9T | AES'T UV S 2 | ASP'T | UV 2°C Leeel
" ACTT UV ITT | AIPT| UV 9T AESTT UV 770 ASGP'T | UV 0°¢ Lreed
« ASP' T UV 6 T | AT [UV S 2| A9P'T| UV 17T LETTT
" ASP Il UV H'T | AEST |UV G2 | ASP'T | UV C°C welel
AGT'T |UVZT | ATET|UVH' T | AECP'T| UVB'T | AZS'T [UVS°2 | ASY'IT £<~..N 1121
a8ejjop | ndinp | @8e3fo A | nding |98eifop | Inding | 93eIT0A mding | e8ejop | Inding | aeqump (19D
nesjeid nesjeid neareld nesajeld nesjeld
(v ¢€) (vs°1) (Vv 9°0) (Vaog) (v 9°0)
¥ o124D € 9124D Z 914D 1 21940 uoijewWIo

21 "ON QOMHNC«G—&OU

VIVd ISEL DNITOADTud

T dITdV.L

92



A6T'T |UVO'T | AP2'T | UV €1 A9E'T |UV LT |ATS'T |UV €°2| ATP'T UV 1°2 | '3aV
AZZ'T UV O'T|AEZ'T |UVZ°T] AGE'T UV L°T [AZS'T [UV €°2| APl (UV 272 | €e¢l
AST'TIUV 80} ATZ'T UV Z°T| APE'T |UV O T |ATZS'L |UVF 2| AZP'T |UV 1°C | 2¢¢l
AZZ'TJUV T T AP T UV S 'T| ACE'T UV LT |AZS'T [UV E€°2Z| AEP'T {UV 272 | T¢€€1
AGT'T|UVO'T|ATIZ'T UV Z°T] ALE'T [UV O T |ATIS'T |UV €°2| ALyl |UV 172 | €2¢1
AZI'T|UV G0 AZ22°T |UVO'I| AZE'T UV G T | AZS'T [(UV €'2| ALe'T [UV 0°¢ | 2¢¢l
AZZT UV IT| A92'T | UV 2 T| APE'L UV LT | ATSTI qv 2| ATP'T UV 1°2 | T2¢1
AP2T{UVZ T ALZT | UV S°T .P,N.m.ﬁ UV LT | A29°D [UV €°2] ATP'T UV 1°2 | €Tl
AGT'T|UVO'T| A9Z°T | UV H I| ALE'T |[UV LT | AZS'T |UV €2 A6E'T {UV 0°C | ¢l¢l
AST'T|UVI'T| ASZ T [UV G T| ASE'T |[UV L T | AZG'T {UVF°2| AO¥P'T [UV 0°C | TI€EL

(A) (av) (A) (Uv) (A) (Uv) (A) (4v) (A) (4v) "oN
a8e310A | IndInO | 98e3ton | IndInO | a8e3jfoA inding | @8®r0A | Inding | a8e3foA | ndinO | 119D
neajeld neojeld neajerd neayerd neajeld

(V €) (varn) (v 90 (Vv 0€) (v9°0)
¥ 9124D ) l.%) Z 9124D 1 @124D uo13eWIO

¢1 "ON uoljeulquod

VIVA LSHL DNITOADHEd

I'T I'1dV.L

93



AST'T UV O°T Azz'Tluvet] A9e 1 |UV 9 T| A2ZS°'T | UV €72 A6E’I qv 02| "8av
ASTTIUv 60| AZ2°1 UV Z°'T | ASGE'T |UV S T | ATIS'T [ UV €°2] ASBE'T UV 072 | €eVI
ALI T UV Z T AP T UV ST | A9E'T UV LTI AT fuv g2l ATP°T {UV 072 | 2eVl
AT T UV IT| AG2Z T (UVS'T | AOP'T |UV LTl AZS'T UV €72 A6E°T UV 072 | TE¥I
AET'T Yy 0T | A22°T |UV 2°1 >_mm.a YV ST | AT |UV $ 2| ALE'T [UV 8°T | €2F1
Attt luvgol Atz juv# 1| ABE T [UV L T | ATS'T UV $r2] AET UV LT 221
Azitluveol AST T |UV I'T | AZE'T [UV S T |AES'I Uy €2 AC¥'T |[UV 172 | 12¥1
ALI'T|UV I°T| AC2Z°T |UV ¥°1 AOF'I |UV LT | AT |[UV €2 ATP'T |UV 172 | €1¥I1
ALITIUV O T| AT2°T |UV 2T | AGE'T |UV STT ATS°T |UV €°2] AZP'T |[UV 172} 2171
Aozt luvztl Agz T |Uv g1 | ASE'T UV T | AES'T | UV ¢zl ATIP'T {(UV 1°2| TI¥I

(A) (uv) (A) (uv) (A) (Uv) (A) (4v) (A) (4v) "ON
a8ejoA | Indino | a8e3on | IndIno afejjoA | Inding | 98e3oA | IndIng a8e3jjon | mdinO | 119D
neajeld neajerd neajerd neajeld neajreld

(V €) (vs'1) (V 9°0) (vw 0¢€) (¥ 9°0)
¥ o124D € 924D Z 9124D 1 °124D uo13ewIIo

$1 ‘ON UOIjeUIqWIOD

IIT 31dV.L

VIVd 1LSHEL DNITOADIYd

94



ASTT [UVO'T|{ AOE'T |(UVF'T | AOP'T |UVO'Z|{APST UV G 2 ACP'T UV €°C ‘3avy
ASI'T |UVO'T| AZE°T |[UVS T | AOP'T |[UVO'2Z | APS'T |UV 9°2| AZPV'T |UV 1°2| €€61
A9I'T JUVO'T| AZE'T JUVZ T | AOP'T |UVO'T | APS'T |[UV G2 APP'T [UV 272 | 2¢€41
ALT'T UV 2T ACET |[UVL'T | ATP'T JUVI'Z I APS'T |UV G2} AZYP'T UV 272 Teql
AO2Z'TJUVS T ATIE T |UV 6T | ATIP'T UV IZ|APS'T |UVF'Z| AEP'T | UV €72 | €241
APTT UV 6°0] A62Z°T UV I'T| AGE’T |[UVE'T|APS'T |UV 9°Z| ACP'T |UV 1°2| 2241
AOT'T|UV 6°0] ABZ'T UV Z T | ATI¥P'T [UVO'CT|AECS'T [UV G2 ACP'T |[UV 2°2| 1261
AST'T|UV 2T AOE'T UV LT | AOVP'T UV I'Z| APS'T |UV G°C] AZF'T [UV £72| €IST
ALI'T|UV6°0] ABZ°T |UV Z°T | A6E’T [UVB'T|APS'T |UV G2 ACP'T UV €°C| 2IG1
A6G0°T UV L0 ALZ'T |UV I'T| AI¥P°TI UV O'2| APS°'T | UV Q2] APP'T |UV €°C| TT6T

(A) (Uv) (A) (uv) (A) (4v) (A) (uv) (A) (4v) "ON
a8ejroA | andinp | o8ejjon | ndino | 28ejjopn | Indinp | s8ejjoA | Indino | s8e3oA | IndInO | 110D
neajeld neaje[d neajerd neajerd neajeld

(V €) (Vs 1) (V 9°0) (Vv 0g) (V¥ 9°0)
$ 9194D € 2124D Z 904D 1 @2124D uotljewW Io I

G1 'ON uoIjRUIqWIOT)

VLVA LSEL DNITOADHYEd

IITT A149VL

95



ALI'T [UVO'T|APE'T UV E'T | AZF'T |UV6'T |ASS'T UV S'Z| APP'T |UV 1°C Bay
AOZ'T UV O'T | AS8E'T |UVZ'T | AECP'T [UVO'Z |AGS'T |UV 92| AFPP'T |UV 172 | £€91
ALI'T UV I'T{APET UV ST | AESP'T [UVO'2 |AGS'T UV G2 | ASP°T [UV 2°C | 2€91
APT°T UV 6°0 | AGE'T UV Z2°T | AZP'I YV 8°T |ASS'T |UV S'Z| A¥P T |UV 272 | 1€9T
ALI'T|UV 60 APET (UVI°T | AZP'T [UV BT |AGS'L UV G2 AEP'T |UV T°C | €291
API°T |[UV 60 JAOE'T |UV Z°'T | AOP'T [UVL'T [ASS'T [UV G2 ACP’T UV 1°2 | 2291
AGT' T |UVITT|AFET [UVH'T | ACP'T [UV6°'T |APS'T UV 92| ACP'T |UV 172 | 1291
AT T |UV O T| ACE'T UV Z T | AZV'T |[UV 0" ASGS'T | UV 9°2| ACY'T [UV 172 €191
A9T'T |UVO'T | APE'T [UVF'T | AZP'T (UV 8T |APS T [UV 2| AFPP T |UV 1°C | 2191
ATZ'T |UVO'T | ASBE'T |UVH'T | AZFP'T (UV6'T |[AGS T [UV 9°2| APP'T UV 172 | 1191

(A) (uv) (a) (uv) (A) (uv) | (a) (uv) (A) (uv) | rox
a8ejroA | andyno | a8eyjon | Inding | a8e3foA | Inding | o8ej[0A mdino | 98e30A | Inding | 112D
neajeid neajerd neajeld neajeld neajeld

(V €) (V51 (v 9°0) (v 0g) (V 9°0)
F 914D € 924D Z 9124D 1 194D uo1jewW IO J

91 °'ON uoljeulrquio)

VIVAd LSAL ONITOADHYd

AI'T HTdVL

96



ASI'T [UVZ'T|ACE'T [UVO'L | ATP'T |[UVI'Z[AZS'T [UV €°2| AOP'T {UV 1°2 | ‘Bay
ATZT UV 2Z T ACE'T |UV9'T | ATHP'T [UV I°2 |ATIS'T UV E€'2| ATP'T |UV 2°2 | €€LI
A9T'L |[UV % T | ACE'T [UV 8T | AIP'T [UV 0'2 | AZG°T |UV 2°2| A6E"T |UV 072 | 2ELI
AG6T°'T |UVZT|AFET [UVS'T | ATFP'T UV T°2 |AZS'T [UV €2 AOP'T |UV 0°2 | T€LI
AOZ°'T |AVF T APET |UV S T | AZFP°'T |UV 2Z°Z|AZS'T |UV E€°2| ATIP°T |UV €°2 | €2L1
ALI'T U9V I T | ACE'T |UV 9T | AOP°T [UV 0°'Z [AZS°T |UV € 2| A6E"T |UV 272 | 22LT
AOZ'T |UVH T |APE'T [UVO'Z | AZP T |UV E°Z |AIS'T |UV €°C AOF'T |uv 2z | 12Lt
A9T'T |[UV Z°T| AZE'T |UV S°IT >?.H YV 0°2 | A2S°T [UV 2°2| AT¥°1 UV 272 | €ILIT
Agr T |uv it Aavet [uvet| AopT |uv et |Aes T |uvezz| Ae6e T |uv 0z | 2ILT
AST'T|UVZT{AZET |[UVS'T| AOP'T |[UVO'2Z |ATIS'T [UV €°2| A6E"T [UV 0°C | TTLI

(A) (qv) (A) (4v) (A) (4v) (A) (qv) (A) (Uv) | "oN
a8ejtoA | Indino | @8ejron | Indino | a8e3r0A | IndIng | a8e3oA | Inding | aFeoA | IndinO | 112D
nesjeld neojeld neajerd neajeld neajeid

(V €) (v 1) (v9°0) (vw 0¢) (Vv 9°0)
¥ 91249 € 124D Z 91249 1 21940 uo1jewW Io

L1 °ON uoljeuirquio)

AT HTIV.L

ViVd LSHL DNITOADHYd

97



A¥1L1 n,< 0°T} AZE T |UVE T | A6ET UV S T | AIS T |UVE'Z| Ab6E"T |UV 6°1 | ‘8AV
AZI'T UV O'T| AOE"T UV Z'T | AGE'T |UVO'T | AZS'T |UV €°2] Ab6E'T |UV 172 | €€81
APITTIUV 6°0] ATE'T |UV ST | AOP°T UV OE'T | ATIS'T |UV €°2] AO¥V°T |UV 0°C | 2¢81
ACST'T UV 6 0} AZE°T UV Z°T | A6E°T |UVB'T |ATIS'T |UV €°2] ABE'T UV 8°'T | €8I
ALT'T{UV I T} ACE'T UV 271 AGE'T |4V 8T | A2S T |{uv 2 2| A8E T |uv 0'2| €281
AZI'T|UV 60| ATE'T UV 2T | ABE'T [UVB'T |AIS'T |[UV €°C| A6E"T |UV 8°T | 2281
A9T'T UV O°'T | AZE'T |UVS'T | AOP'T {UV6°T | AIS°T [UV €2 AOF T UV 8T | 1¢8T,
AOT T UV 6°0] AOE'T (UV 2 T | ALE'T [UV 8 T [ATIS'T |UV €°2] A6E"T {UV L T | €181
AST'T|UVO'T| ACE'T |UVZ T | ABE'T [UVB8'T | AZ8°'T |[UV €'C| ABE'T [UV 8°T | 2I8I
AYI'T |UV I'T| ASE'T |UVS'T | AOVP'T |[UVOE'T | ATIS'T UV €72 ABE'T |UV 8°T | TI8I

(A) (av) (A) (qv) (A) (uv) (A) (4v) (A) (4v) "oN
age3t0A | Indino | a8ejjon | IndinO | a8e3fop | IndinO | @3e3[0A indino | 28e30A | IndIngo | 119D
neajeld | neajerg neajeld neajerd neajerd

(v €) (Vvs'D (v9-0) (v 0¢) (v 9°0)
¥ o124LD € 924D Z 9124D 1 21249 uo13ewIo 4

81 'ON UOI3RUIqWIOD

IAT HTdVL

VIvd LSAL ODNITOX0Fdd

98



AST'T [uv60|Aze T [uve't | A%P'L [V 2°2 {AZS'T |UV E'Z| A¥P'T UV €°C | "84V
AGTT [UVI'T | AcE’T A.?«w..ﬂ AFP'T UV 0°2 [AZS'T |UV 2°2f ASP'T |UV €°C | €¢€61
ATTT ﬂ?«m.o. ATE'T |UV8°T | ASP'T [UV 2°2 [AZS'T |UV €°2| ASP'T |UV €°2 | 2¢61
APT'T |UVO'T | AZE°T UV BT A¥VP'T UV 272 |AZS°T |UV 2°2| A¥P°'T |UV €°2 | T¢e61
ASGTI'T UV 6°0 f A€E’T |UV 8°I APP'T UV 2°2 |A2S°T [(UV €°2| ASGP T |UV €°C | €261
AST'T |av 60 AEE'T JUVOH T | A¥PP'T [UV 2°2 [AES'T |UV €2 | A¥PP°T UV €°2 | 2261
AST'T UV 670 A6Z°T [UVZ'T | AFPP'T UV EZ [AES°T |[UV 2°2| ASP'T |UV €°2 | 1261
ATIT'T UV 60 | AZE°T UV 8°T >.w¢.~ UV 0°Z [A2S°T UV €°2| APP°T |UV €°C | €161
AFPIT UV 6 0| ASE'T {(UVO°'T | ASP'T [UV €°2 |ATS'T |UV €| APP T |UV €72 | 2161
AST'T|UV 60| AZE'T [UVS'T | ASP'T |UV 272 [ATS'T [UV E'Z| APP T [UV 2°C | T161

(A) (4v) (A) (4v) (A) (Uv) (A) (4v) (A) (4v) "ON
a8ejoA | Indino | #8e3joa | Indino | @8e3foA | IndinO | 28.310A inding | e8ejroA | IdIno | 119D
nesjeld neajeid neajerd neajerd neajerd

(V €) (ver) (v 9°0) (vw 0¢) (v 9°0)
¥ 91249 ¢ o124D Z 9104D 1 o1949 uotjewW Io g

61 °ON uoiljeurquio)

ViVd LSHL DNITDOADHYEd

IIAT HTdVL

99



AFPI'T |[UVZT{ATE'T UV 6T | AEHP'T |UV 22 |AES'T [UV €°C2| AEP'T | UV 2°2]| "Bavy
ALI'T UV Z'T]|AZE'T [UVO'2 | APP°T UV Z2°2 | AZS'T [UV €72 ACP°T [UV €72 | £€02
AIT'T |UVIT]JA62°T [UV6°T | AZP'T |UVZ°2 |AES'T |UV €72 AEP°T [UV 2°C | 2¢€0¢
AST'T |uv T 1| ASE T [Uuv o't | AFP T [UVI'Z|AZS'T |UVE'Z| APP T |UV 272 | 1€02
AT'T |JUVF T |APE'T |UV 02 | APP'T |[UVZ2°2 |AZS'T |UV €72 APP'T |UV €72 | €202
ATZTIUVHF T} A9E"T UV T2 | ASP'T |UV €2 |ATZS'T |UV E2| APP T |UV €72 | 220¢
AST'T UV ZT|AZE'T UV 02 | AEP'T |[UV 272 |AES'T |UV €°2| AEP’T [UV €72 | 120¢
A60°T UV O'T| A62°T UV 0°C >,o¢.H £<N.N. AES T [uvez| Agk 1 |uv 2-z | €102
Aot luvot]agzr luvet | AZP T [UV0°2Z | A€S T |UV €°2] AZP'T |UV 2°2 | 2102
AZI'T JUV IT'T | A8Z'T |UV 9'T | AEP'T UV €2 | A€S™T |UV €°C] AEY'T |UV 272 | 110¢
(A) (V) (A) (4V) (A) @v) | (A (4v) (A) (4v) | "oN
a8e310A | Indino | a8ejjop | 3ndino | @8e3foA | Inding | 98eytoA | IndInQO | 23ejjop | IndInO | 119D
neajeld neajeld neajeld neajerd neajeld
(V €) (vs'D (v 9°0) (v 0€) (Vv 9°0)
¥ 9124D € 924D Z 9124) I 124D uorjewrIo

02 °"ON uonjeuiquio]

ITIAT A1dV.L

VIVd LSHL DNITDADHYEd

100



cwreafoad jo pud je SulldLd [[1S [[8D =

(+)

(K3oede)d) zequmpN 91240 = (OIN

01040 10 a8xeyd jdodde jouued [[oD — SIN[IEq oiydoxiseied = JID

: 309D

£31oeded e uo jndjno jusweambaa Sui[o4> oyj IL9AI[Sp jouued [ — 2In[le ] [eduydsl = JAlL
AL AL AL AL (+) AL (+) (+) (+) PO 2anyteyd
€ L1 K4 702 oLe €0¢ c€Le cLe eLe 30»0 snijels
(CIN "9
(OIN 'S
(L°0)0LZ (OIN ¥
(L'0)€€2 (% °0) s0¢ | (5 "0) 0¢€ |(9°0) S0¢ (OIN ¢
(5°0) %02 | (970) %02 | (¥ 0) €02 (¢ 1) s1Z |(€°1)§12 | (¥ 1) G2 (DN "¢
(e szl z m2t [(g 1) sz |(s°0) €01 (8°0) €01 [(9°0) €0T |(9°T)GOT [(9°T) 501 (9°1) 50T (OIN 1
s)oay) Ajioede)

ceel AXA} Ieet g€eel 2el I12¢1 €Iel 2iel I1el *ON 11°D
¢ sum8oy 7 surgay 1 2undayg

€1 "ON NOILVNIAWOD ZO vV1ivda LSHEL

XIT 319dV.L

101



‘ureadoad jo pud je 3urpohd (1S (@D =

(+)

(£310edeD) zoquumy 91940 = (TIN

‘01042 10 o3xeyd jdedde jouured [[2D — an[ie g oydoaiseien) = gD

‘09D

£319edes = uo ndino jusweainboa SuldAd oyj I2AI[SP joUUERD [ — dJanleq [DIUYSS] = JL
AL a1 AL (+) (+) (+) (+) (+) (+) 9PON an(ied
€2 8¢ 92 662 862 L62 €Le €LE g€LE 91040 snyess
(OIN "9
(OIN  *6
(OIN ¥
(5°0)662|(5°0)862 (5 0)L62 |(¥°0)50¢€ [(9°0)S0€ [(9°0)G0¢ (OIN '€
(9°0) %02 | (9°0) %02 | (5 *0) $0Z |(F 1) sTZ|(€°T)S1Z [(¥°1)G12 (OIN "2
(6°0) 2] (1°1)8z |(1°1)92 {(°0)€0T| (2°0)€0T |[{5°0)€0T [(0°2)SOT | (L"T1)SOT |(9 1)S0T (OIN 1
s)oayD Ajioede)

cevl (454! X4} YAl A4 4\ 12%1 eIvl 254! 1191 *ON TI®D
¢ sundoay 7 owiday [ sundesy

XT dTdV.L

51 "ON NOILVNIGINOD NO VIVd LISAL

102



rwrexfoad jo pue 3e Buiohd 11138 [[°D

(+)

n

(£310ede]) xequunpN o194D = (DIN

*o194d 10 9281ey> 3dadde jouued [[3D — danjieg owydoaiseien = gD

4 *}29YyD

£310®ded ® uo jndjino juowroainboa Sui[oAo ayj aoAI[op jouURD [[9D — 2anjleq [edTuyds] = AL
AL AL JL JL AL AL (+) (+) (+) 9poON 2anjieq
ST 12 62 €8¢ qcl 221 €L cLe cle 9124D smyels
(OON  °9
(ODIN 'S
(OIN ¥
(6°0) €82 (8 °0) s0£{(8-0) so¢|(9°0) s0¢ (OIN "¢
(L°0) ¥ozZ|(s°0) sc1] (¥ 0) 221 Kw.: g12|(8°1) 12{(9°1) 12 (OIN "2
(z'D stl6-0) 12l(c 1) 62](0°1) €01|(9°0) €0T|(9°0) €0T {0°2) SOT|(8°1) GOT|(9°1) GOT (OIN "1
syoayD Kjioede)

€eal 2¢ql 1€4l ¢€2a1 2281 1241 €1s1 2191 11491 *ON T1°D
¢ auriday Z duIidayg [ sunidayg

cT "ON NOILVNIGNOD NO VIVA 1SAL

IXT dTdV.L

103



‘wea8oad jo pus je Zuilohd [113S [19D

(+)

(Asd>edeD) 1aqumN 9194D = (DIN

*010£> 10 28aeyd 3dedoe jouued [[8) — 2anjie g owydoaiseied = JgD

. *jo9YyD

A310eded e uo jndino juswosinbsaa JurpoLd oyj aoaljep jouued [[9D — danjled [eOIUYDS] = AL
JL AL AL JL AL AL (+) (+) (+) 9POIN 2anjieq
g1 9¢ 272 021 YA ¥21 €Le gLe clLe 9104 snjels
(OIN  °9
(OIN  °s
(OIN ¥
(L°0) s0¢|(8°0) soc|{(2°1) s0¢ (OIN "¢
(€°0) 02T |{(¥°0) €21 (¥°0) 21 (G 1) s12|(9 1) q1e|(2°1) S1¢ (OIN "2
(z°1) sT{(1°1) 92|(L°0) 22}(s0) €0T|(5°0) €0T|(5°0) €OT (¥ 1) GOT|(¥"T) SOT|(L 1) SOT (OIN "1
s)0ayD) Ajidoede)

€e91 2¢€91 1€91 €291 2291 1291 €191 2191 1191 "ON TI1°D
¢ awdey 7 oundeyg [ ewidey

91 'ON NOILVNIIWOD NO <.H<Q LSHL

IIXT dTdVL

104



*wrex8oad jo pus je Juiohd (1S I[°D =

(+)

(f319eden) 1aqumN 91240 = (OIN

-o124o 10 98aeyo 3dedoe jouued [[9) — 2infieq dlydoaiseyed = dD

: *309YD

£31oedes & uo jndjno juowssmbaa Suld4d oyj 18A1[9p jouUED [[9D — dIN[ieq [eIIUYSSL = AL
(+) (+) AL (+) AL AL (+) (+) +) OPON oanjied
ST ST ST 0LT L1 2L 992 992 992 o124D smyelg
(OIN "9
(OIN ¢
(OIN %
(OIN '€
(5°0) 0LT|(#°0) TLT1|(¥°0) ZLT{(€ 1) 86T|(0"1) 86T (€°1) 861 (OIN 2
(s°1) st|(9-1) stl(e-1) ST J(5°0) S0T|(5°0) SOT|(S°0) GOT|(L 1) SOT|(¥ 1) SOT|(L"T) SOT (OIN "1
syo9YyD Ajioede)

eeLl (AN} T€LT €2L1 L1 12L1 €ILT (AVA T1L1 "ON TI°D
¢ awday 7 sauntdayg [ @undsyg

17T "ON NOILVNIGNOD NO VIvd LSAL

OIXT H19dV.L

105



*wreaf8oad jo pus 3e Suloho [113S 1[8D =

(+)

(KZ310ede)) 1squmN 91940 = (DIN
‘o1042 10 o8xeyd jdedoe jouued [[3p — 2infiej oiydoaiseied = gD
, *309YD
£310eded e uo jndjno juswsambsax 3ul[d4d ayj I9AI[Sp JouUED [[8D — SJanyleq [edTUYds] = AL
AL AL AL (+) (+) (+) (+) (+) (+) OpO eanyied
Al ST 4! 0LT 2Lt LT 992 992 992 o124D smelg
(OIN 9
(OIN s
(OIN ¥
(DN ¢
§°0) OLT|(5°0) 241|(5°0) 2LT {6 °0) 86T {(L'0) 861|(0°T) 861 (OIN "2
(€°1) 21f(€ D) ST{(€°1) $PT[5°0) SOT|(9°0) GOT|(9°0) SOT (¥ 1) SOT|(¥ 1) SOT (S 1) SOT (OIN 1
s)0aYyD Aj1oede)
£e8l 2¢e81 1281 €¢81 2281 1281 ¢181 2181 1181 ‘ON 118D
¢ swdey Z swday [ swdayg

81 "ON NOILVNIWOD NO VIVJ LSHEL

AIXT HTAVL

106



*AousroiFop UoIONIIsuUOd {s3s9) Juirohooad sAry I93Fe pollef (19D = %

‘wieadoad jo pus 3e Sul(d4dd 11138 112D = (+)

(A310edeD) aaqump 21940 = (DIN

‘91042 10 o8aeyo jdeooe jouued [[2) — 2anfie olydoaiiseied = JgD

Rl )

A310eded e uo ndino jusweambax Buipodo syj asAlep jouued [[8D — danjred [eDIUYDIdT = JL
AL AL AL AT, AL AT * (+) (+) SPpOW =Iniieyq
21 gl FI S0T LST 0LI % 992 99¢ 91240 snjels
(OIN "9
(OIN ¢
(OIN ‘¥
(OIN "¢
(#:0) L9T1|(¥°0) 0LI (9°0) 861 |(5°0) 861 (OIN 2
(F D 2r(z 1) st|(z 1) ¥1[5°0) S0T|{(5°0) 0T |(9°0) SOT (€°1) soT{(2°1) SOT (DN "1
syoay) Ajioeden

€e61 2¢6l 1¢61 €261 2261 1261 ¢T61 2161 1161 ‘ON T1°®D
¢ swndey 7z ewrtdoy [ eun8oy
61 "ON NOILVNIIWOD NO VIVJd LSHL

AXT JTdVL

107



+AOUSIDIIOp UOIIONIISUOD {53593 Burjdohdoxd 9A1J I9j3e POTIey [[°D = x

‘weifoad jo puo je Sul[d4Ld (138 118D =

(+)

(fzroedeD) dequmy o120 = (DN

91040 10 @81eyd 3dedde jouued [[8) — oinjie dlydoijseied = JD

S EEY )

£310eded e wo ndjno juswesimbaa Suld4d oyj IoAI[ep JouUUED [[9D — NI [BOTUYDS] = AL
AL AL AL AL (+) (+) (+) (+) OPOW dJnted
€1 71 ¥1 * 691 0LT 992 99¢ 992 o104D smyelg
(DN "9
(OIN "¢
(OIN ¥
(ODIN ¢
(%°0) 691|(5°0) OLT[(S°0) 86T [(€°0) 86T|(L"0) 861 (OIN ¢
(T et (10 FIj(1°1) ¥1 % (L°0) SOT|(5°0) SOT|(2 1) SOT|(T"T) SOT|(¥"T) SOT (OIN 1
s)oayD Ajidoeden)

€€0¢ 2¢0¢ 1€0¢ £207¢ 220¢ 120¢ £107¢ 2102 1102 ‘ON T1°D
¢ awtdoy 7z swideyg [ audeyg

0¢

*ON NOILVNIEWOD NO VIV LSHL

IAXT HT1IdV.L

108



The overall electrode efficiency %) was determined by computing
the percentage of residual capacity (qQ%) of capacity prior to failure
cycle with respect to original capacity and dividing this figure by the
residual weight percentage (L%) calculated above. This is equivalent
to the percentage of the final output per gram with respect to the orig-
inal output per gram, or the final-to-original utilization ratio in %.

To take into account the composition and the process of the zinc
electrode, the efficiency of actual zinc metal present in the electrode
was determined immediately after charge on the first and second cycles.
It was done on two cells using unsintered zinc oxide electrodes and two
cells using sintered 90/10 Z mix electrodes. Table LXVII giving the
results of the four cells shows that the zinc utilization is in the range
of 86% over two cycles, regardless of the mix. It can be postulated
that adding an inorganic material and sintering the mix at 850°C have
no significant effect on the zinc utilization efficiency.

The dissection, examination, and analysis of failed cells was done
on one cell of each group (covering a specific combination and a specific
test regime). The data of all cells examined prior to the end of the
program are presented in detail in Appendix B. A summary of the
pertinent information is given in Tables LXVIII, LXIX, and LXX.

Data Evaluation

Although the cycling test data were not complete by the end of the
program period, an evaluation may be attempted. Disregarding all
combinations 5 through 12 because they used another separator type
(3420-25), we shall compare control group A and the other combina-
tions. Most of the data were acquired on group A and combinations 1
to 4. Their average number of cycles are presented in Table LXXI.

It appears that combination #1 has more cycles on all three regimes
than control group A; combinations #2 and #3 show also better averages,
although marginal on regime #3; combination #4 is marginal on all
regimes. This shows at least that the 90/10 Z mix, common to all,
must be a contributing factor toward improving the electrode. From
the cycling data and the failure analyses, it seems also that the Exmet
grid has a slight advantage over the Distex grid, although the electrode
using a Distex grid has a better shape retention throughout its cycle life.
The encapsulated positive design appears also to be beneficial to longer
cycle life.

An analysis of variances was performed on control group A and
experimental groups 1 through 4. The following conclusions were

drawn:

(a) Each test regime datum must be analyzed independently.
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TABLE LXXI

NUMBER OF CYCLES REACHED ON EACH REGIME

(Average of 3 Cells)

Combination
No. Regime 1 Regime 2 Regime 3
A 280 534 60
1 500 606 96™
2 433 605 74
3 424 606 71
4 295 602 50
13 3737 226" 22
14 373" 298" 26
15 373" 180 22
16 373" 122 21
17 266" 171" 15"
18 266" 172" 14
19 266 144 14
20 266" 170" 14

>kCells still cycling at the end of the program period.
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(b) The factors studied (grid structure, wafer design) were
significant for test regime #1, but not for regimes #2
and #3.

(c) On test regime #1, cells of combination 4 were as good
as the control cells, but poorer than cells of any other
construction.

The data on all other combinations were not far enough advanced at
the end of the program to be fully conclusive. However, the following
trends can be noticed:

(a) Introduction of lead did not seem to help on regime #3.

(b) The presintered (PS) process seems less advantageous
than the normal (N) process. Combinations #15 and
#16 reached about 150 cycles contrasted to #13 and #14
which reached about 250 cycles on regime #2.

A very important facet of this evaluation is that all the test cells
were zinc limited and consequently possibly overcharged, since they
were cycled in series and they might have undergone some imbalance.
This set of conditions caused cells to have short cycle life on regimes
1 and 2. On regime 3, the failure mode was mainly inability of the cell
to meet the cycling capacity requirement, which was set at 1.44 Ah
output. A cell failing at 60 cycles meant only that its capacity dropped
below 1.44 Ah.

CONCLUSION

The program covered the investigation of physical and electrical
characteristics of a zinc electrode of novel construction. The fabrica-
tion technique involved adding an inorganic refractory type material to
the zinc oxide in a small proportion (up to 20%) and sintering the
pressed electrode at 8509C, below the melting point of the silver grid
of the collector. The sintering had a bonding effect between all the
particles, possibly caused by the formation of a solid solution at the
particle surface. The resultant electrode had good structural strength,
and was capable of handling and of absorbing a small amount of additive
(HgO or PbO in the range of 2%) by a wet process.

Physical characteristics were determined for three different in-
organic materials added in various ratios ranging from 2% to 50% and
sintered at temperatures ranging from 300°C to 1400°C. Selection
among the multiple combinations resulted in one inorganic material
(Zirconia) added in three different ratios (5, 10, 20%) sintered at one
temperature (8500C), the mix being processed in two different ways
(sintering the pressed electrode and sintering the mix prior to sin-
tering the pressed electrode).
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The electrical tests were carried out on electrodes combining some
features of the above selection. The results were compared with those
of the standard (unsintered) zinc oxide electrode on three different
automatic cycling regimes after establishing their electrical perform-
ance on five total discharge cycles run at various rates.

Because of the time and budget limitations of this program, not all
electrical data were acquired, but sufficient information was obtained
to show a trend and a possible solution to the zinc "slumping" problem.
All cells using a sintered ZnO inorganic material mix electrode showed,
upon failure analysis, a remarkable zinc shape retention, at least when
using a minimum of 10% zirconia in the mix. This fact is associated
with the physical integrity of the electrode during fabrication, assembly,
cell electrolyte soaking and hence during cycling. These two striking
features, structural strength and minimization of shape change during
cycling, weigh heavily in favor of such an electrode. It is important to
remember that cycle life is not immediately relevant at this time for
the following forceful reasons:

This program was designed to quickly screen out and evaluate var-
ious zinc electrode constructions (using a sintered mix) on a relative
scale on three different test regimes. In order to do this, the test cell
was conceived and designed to be zinc limiting for the first cycle, con-
trary to conventional cell designs where silver is the limiting electrode
on charge and discharge and zinc oxide capacity is at least 40 to 60%
overdesigned. The test cell was therefore made to reach the full charge
of the zinc electrode on every cycle from the very first. This imposes
a heavy handicap on the cell from the beginning since this condition
promotes zinc penetration and no separator is immune to such severe
testing. This explains the relatively short cycle life despite the fact
that the zinc electrode still retained good shape, which in a cell of well
balanced electrode design with test conditions properly set (no over-
charge) would lead to longer cycle life than has been recorded in the
previous test cells. It means that a test cell actually starts its cycling
under the conditions it would have seen 300 to 500 cycles later, had it
been designed in a conventional manner.

In this light, the sintered zinc oxide electrode is a very promising
candidate for test in a 5 Ah silver zinc cell of the model tested on
another NASA contract™ for direct comparison. It is recommended
that such a program be considered.

e
s

A. Himy, 'Development and Testing of a 5 Ah Ag-Zn Cell, " Final
Report NASA CR-72551, NASA lLewis, NAS 3-10924.
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APPENDIX A

PORE SIZE DISTRIBUTION
EXPERIMENTAL DATA CURVES
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APPENDIX B

CELL ANALYSES AND ELECTRODE PICTURES
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Figure B-1, Cell Number A-13



Cell No. A-13

CELL ANALYSIS

Combination Control A

Regime 1
Temperature: 100°C Binder: None
Period: 1 hr. Ratio: 100/0
Discharge: 0.6 Afor 0.5 hr. | Process: Not sintered
Charge: 0.66 A for 0.5 hr.| Additive (PbO%): O
Grid: 5 Ag 38-1/0
Design: (-)w
Original Capacity: Qo = 2.0 Ah
Last Capacity: Q= 0.2 Ah
Capacity Retention %: q = Q£ x 100 = 10%
' o
Failure Cycle: N = 302
 Wet Life: days = 65
Inspection: Separators: No cracks, black stains both sides,
no delam., Zn pen. probable failure cause.
Positive active area: p = N. A.
Negative shape retention: p = 90%
Zinc electrode condition: Good
Plate Location | Density Color Wetness
Top Spongy Gray Semi-wet
Bottom Spongy Gray Semi-wet
Analysis: Original ZnO mass: m = 5.9¢
Residual ZnO mass: m = 3.6 g
ZnO retention %: € = -nlln-;x 100 = 61%
Final-to-original utilization
ratio (%): n = %x 100 = 16%
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Figure B-2. Cell Number A-22



CELL ANALYSIS

Cell No. A-22
Regime 2 Combination Control A
Temperature: 25°C Binder: None
Period: 1.5 hr. Ratio: 100/0
Discharge: 0.9 A for 0.5 hr. | Process: Not sintered
Charge: 0.5 A for 1.0 hr. | Additive (PbO%): 0
Grid: 5 Ag 38-1/0
Design: (-) W
Original Capacity: Qo = 2.0 Ah
Last Capacity: Q= 0.4 Ah
Capacity Retention %: q = EQ— x 100 = 20%
- o
Failure Cycle: N = 502
Wet Life: days = 96
Inspection: Separators: No cracks, no delam., few dark
stains, Zn pen. signs. '
Positive active area: p+ = N. A.
Negative shape retention: p = 80%
Zinc electrode condition: Fair
Plate Location | Density Color Wetness
Top Spongy Gray Semi-wet
Bottom Spongy Gray Semi-wet
Analysis: Original ZnO mass: m = 5.9 ¢
Residual ZnO mass: m = 4.5 g
ZnO retention %: € = = %100 = 76%
Mo
Final-to-original utilization
ratio (%): n = %x 100 = 26%
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Cell Number A-32

Figure B-3.



Cell No. A-32

CELL ANALYSIS

Regime 3 Combination Control A
Temperature: 25°C Binder: None
Period: 24 hr, Ratio: 100/0
Discharge: 1.2 Afor 1.2 hr. | Process: Not sintered
Charge: 0.07 A for 22.8 hr. | Additive (PbO%): 0

Grid: 5 Ag 38-1/0
Design: (-) W
Original Capacity: QO = 2.0 Ah
Last Capacity: Q= 1.2 Ah
Capacity Retention %: q = -él- x 100 = 60%
: o
Failure Cycle: N = 60
~Wet Life: days = 107
Inspection: Separators: No cracks or delam., few dark
stains, signs of Zn pen.
Positive active area: p+ = 100%
Negative shape retention: p = 80%
Zinc electrode condition: Good
Plate Location | Density Color Wetness
Top Spongy Gray Wet
Bottom Spongy Gray Wet
Analysis: Original ZnO mass: m = 5.9¢
Residual ZnO mass: m = 4.8¢g

ZnO retention %: £ = —— x 100 = 81%
Mo
Final-to-original utilization

ratio (%): m = %x 100 = 74%
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Figure B-4. Cell Number 112A



CELL ANALYSIS

Cell No., 112A

Regime 1 Combination 1
Temperature: 100°C Binder: Z
Period: 1 hr. Ratio: 90/10
Discharge: 0.6 A for 0.5 hr. Process: N
Charge: 0.66 A for 0.5 hr. | Additive (PbO%): 0

Grid: 5 Ag 14-1/0
Design: (+) W
Original Capacity: Qo = 2.0 Ah
Last Capacity: = 0.1 Ah
Capacity Retention %: q = -QQ- x 100 = 5%
: o
Failure Cycle: = 500
Wet Life: days = 90
Inspection: Separators: No cracks or delam., dark stains
on Ag side, signs of Zn pen. '
Positive active area: p+ = N. A.
Negative shape retention: p = 50%
Zinc electrode condition: Fair
Plate Liocation | Density Color Wetness
Top Loose Gray Wet
Bottom Loose Gray Wet
Analysis: Original ZnO mass: m_ = 5.4 ¢
Residual ZnO mass: m = 2.0g
ZnO retention %: C = — x 100 = 37%
Mo
Final-to-original utilization
ratio (%): 7m = %x 100 = 14%
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Figure B-5. Cell Number 123A



CELL ANALYSIS

Cell No. 123A

Regime 2 Combination 1
Temperature: 25°C Binder: z
Period: 1.5 hr Ratio: 90/10
Discharge: 0.9 A for 0.5 hr. Process: N
Charge: 0.5 A for 1.0 hr. Additive (PbO%): 0
Grid: 5 Ag 14-1/0
Design: (+) W
Original Capacity: Qo = 2.0 Ah
Last Capacity: Q= 0.4 Ah
Capacity Retention %: q = Qﬂ x 100 = 20%
- o
Failure Cycle: N = 591
- Wet Life: days = 114
Inspection: Separators: No cracks, no delam., some dark

stains, signs of Zn pen.
Positive active area: p+ = N. A.

Negative shape retention: p = 75%

Zinc electrode condition: Fair
Plate Liocation | Density Color Wetness
Top Loose Gray Wet
Bottom Loose Gray Wet
Analysis: Original ZnO mass: m_ = 5.4 g
Residual ZnO mass: m = 3.7¢

ZnO retention %: € = —:;1— x 100 = 69%
o
Final-to-original utilization

ratio (%): 7 =‘%x 100 = 29%
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Figure B-6. Cell Number 131



CELL ANALYSIS

Cell No. 131

Regime 3 Combination 1
Temperature: 25°C Binder: Z
Period: 24 hr, Ratio: 90/10
Discharge: 1.2 Afor 1.2 hr. Process: N
Charge: 0.07 A for 22.8 hr. | Additive (PbO%): 0
Grid: 5 Ag 14-1/0
Design: (H) W
Original Capacity: Qo = 2.3 Ah
Last Capacity: Q= 1.4 Ah
Capacity Retention %: q = bg- x 100 = 61%
' o
Failure Cycle: N = 118
 Wet Life: . days = 184
Inspection: Separators: No cracks or delam., Zn pen signs,

some Zn on far side of Ag wafer.
Positive active area: pJr = 100%

Negative shape retention: p = 90%

Zinc electrode condition: Good
Plate Location | Density Color Wetness
Top Spongy Gray Wet
Bottom Spongy Gray Wet
Analysis: Original ZnO mass: m_ = 5.4 ¢
Residual ZnO mass: m = 3.5 g

ZnO retention %: € = = %100 = 65%
mo
Final-to-original utilization

ratio (%): n = %x 100 = 94%
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Figure B-7. Cell Number 132



CELL ANALYSIS

Cell No. 132

Regime 3 Combination 1
Temperature: 25°C Binder: Z )
Period: 24 hr. Ratio: 90/10
Discharge: 1.2 A for 1.2 hr. | Process: N
Charge: 0.07 A for 22.8 hr. | Additive (PbO%): 0

Grid: 5 Ag 14-1/0
Design: (+) W
Original Capacity: Qo = 2.3 Ah
Last Capacity: Q= 1.4 Ah
Capacity Retention %: q = QE x 100 = 61%
- o
Failure Cycle: N = 46
~Wet Life: days = 90
Inspection: Separators: No cracks or delam., some dark
stains, Zn pen. still gassing.
Positive active area: p+ = N. A.
Negative shape retention: p = 90%
Zinc electrode condition: Good
Plate Location | Density Color Wetness
Top Spongy Gray Wet
Bottom Spongy Gray Wet
Analysis: Original ZnO mass: m = 5.4 g
Residual ZnO mass: m = 3.7¢

ZnO retention %: { = —x 100 = 69%
Final-to-original utilization

ratio (%): 7 = %x 100 = 88%
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Figure B-8. Cell Number 212A

B-16



CELL ANALYSIS

Cell No. 212A
Regime 1 Combination 2
Temperature: 100°C Binder: Z
Period: 1 hr. Ratio: 90/10
Discharge: 0.6 A for 0.5 hr. Process: N
Charge: 0.66 A for 0.5 hr. | Additive (PbO%): 0
Grid: 5 Ag 14-1/0
Design: (-) W
Original Capacity: Qo = 2.1 Ah
Last Capacity: Q= 0.2 Ah
Capacity Retention %: q = Z'l% x 100 = 10%
Failure Cycle: N = 299
Wet Life: days = 60
Inspection: Separators: One cracked separator, no delam.,
dark stains, Zn pen. still gassing.
Positive active area: p+ = N, A,
Negative shape retention: p = 100%
Zinc electrode condition: Good
Plate Location | Density Color Wetness
Top Spongy | Blue-Gray| Semi-wet
Bottom Spongy | Blue-Gray| Semi-wet
Analysis: Original ZnO mass: m = 5.4 ¢
Residual ZnO mass: m = 3.4 ¢
ZnO retention %: € = Z_x100 = 63%
mo
Final-to-original utilization
16%

ratio (%): n = %x 100 =

B-17
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Figure B-9. Cell Number 223A



Cell No. 223A

CELL ANALYSIS

Regime 2 Combination 2
Temperature: 25°C Binder: Z
Period: 1.5 hr. Ratio: 90/10
Discharge: 0.9 A for 0.5 hr. Process: N
Charge: 0.5 A for 1.0 hr. Additive (PbO%): 0
Grid: 5 Ag 14-1/0
Design: (-) W
Original Capacity: Qo = 2.0 Ah
Last Capacity: Q= 0.5 Ah
Capacity Retention %: q = -QQ— x 100 = 25%
o
Failure Cycle: N = 500
Wet Life: days = 86
Inspection: Separators: No cracks or delam., few dark
stains, signs of Zn pen.
‘Positive active area: p+ = N. A,
Negative shape retention: p = 80%
Zinc electrode condition: Good
Plate Liocation | Density Color Wetness
Top Spongy Gray Semi-wet
Bottom Spongy Gray Semi-wet
Analysis: Original ZnO mass: m = 5.4 g
Residual ZnO mass: m = 3.9¢

m

ZnO retention %: € = —x 100 = 72%
mo

Final-to-original utilization

ratio (%): 1 = %x 100 = 35%

B-19
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Cell Number 232

Figure B-10,

B-20



CELL ANALYSIS

Cell No. 232
Regime 3 Combination 2
Temperature: 25°C Binder: Z
Period: 24 hr. Ratio: 90/10
Discharge: 1.2 Afor 1.2 hr, Process: N
Charge: 0.07 A for 22.8 hr. | Additive (PbO%): O
Grid: 5 Ag 14-1/0
Design: (-} W
Original Capacity: Qo = 2.3 Ah
Last Capacity: Q= 1.5 Ah
Capacity Retention %: q = QE x 100 = 65%
' o
Failure Cycle: N = 63
Wet Life: days = 111
Inspection: Separators: No cracks or delam., dark stains,
some Zn pen., still gassing.
Positive active area: p+ = N. A.
Negative shape retention: p = 100%
Zinc electrode condition: Good
Plate Location | Density Color Wetness
Top Loose |Blue-Gray|Semi-wet
Bottom Spongy |Blue-Gray|Semi-wet
Analysis: Original ZnO mass: m_ = 5.4 g
Residual ZnO mass: m = 3.9¢g
ZnO retention %: ¢ = =—x 100 = 72%
mgo
Final-to-original utilization
ratio (%): 7 = %x 100 = 90%
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Cell Number 313A

Figure B-11.

B-22



CELL ANALYSIS

Cell No. 313A
Regime 1 Combination 3
Temperature: 100°C Binder: Z
Period: 1 hr. Ratio: 90/10
Discharge: 0.6 A for 0.5 hr. Process: N
Charge: 0.66 A for 0.5 hr. Additive (PbO%): O
Grid: 5 Ag 38-1/0
Design: (+) W
Original Capacity: Qo = 2.1 Ah
Last Capacity: Q= 0.2 Ah
Capacity Retention %: q = -QQ-—- x 100 = 10%
' o
Failure Cycle: N = 299
- Wet Life: days = 60
Inspection: Separators: No cracks or delam., some dark
stains, Zn pen., still gassing. ’
Positive active area: p+ = N. A.
Negative shape retention: p = 50%
Zinc electrode condition: Fair
Plate Location | Density Color Wetness
Top Lioose Gray Semi-wet
Bottom Loose Gray Semi-wet
Analysis; Original ZnO mass: m_ = 5.4 ¢
Residual ZnO mass: m = 2.5¢g
ZnO retention %: € = —% x 100 = 46%
Final-to-original utilization
ratio (%): 22%

n=%x100=
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Cell Number 322A

B-24
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Figure B-12.



CELL ANALYSIS

Cell No., 322A
Regime 2 Combination 3
Temperature: 25°C Binder: Z
Period: 1.5 hr, Ratio: 90/10
Discharge: 0.9 A for 0.5 hr. Process: N
Charge: 0.5 Afor 1.0 hr. | Additive (PbO%): 0
Grid: 5 Ag 38-1/0
Design: (+) W
Original Capacity: Qo = 2.1 Ah
Last Capacity: Q= 0.4 Ah
Capacity Retention %: q = C—DQ— x 100 = 19%
‘ o
Failure Cycle: N = 593
v Wet Life: days = 114
Inspection: Separators: No cracks or delam., signs of Zn
pen.
Positive active area: p = N. A.
Negative shape retention: p = 100%
Zinc electrode condition: Good
Plate Location | Density Color Wetness
Tp Spongy Gray Wet
Bottom Spongy Gray Wet
Analysis: Original ZnO mass: m = 5.4 ¢
Residual ZnO mass: m = 3.9g
ZnO retention %: € = E-n?—-x 100 = 72%
o
Final-to-original utilization
ratio (%): 7 = %x 100 = 26%
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Figure B-13. Cell Number 332



CELL ANALYSIS

Cell No. 332
Regime 3 Combination 3
Temperature: 25°C Binder: Z
Period: 24 hr. Ratio: 90/10
Discharge: 1.2 Afor 1.2 hr. Process: N
Charge: 0.07 A for 22. 8 hr. | Additive (PbO%): O
Grid: 5 Ag 38-1/0
Design: (+) W
Original Capacity: Q’o = 2.3 Ah
Last Capacity: Q= 1.4 Ah
Capacity Retention %: q = -Q-Q- x 100 = 61%
o
Failure Cycle: N = 36
Wet Life: days = 111
Inspection: Separators: No cracksor delam., dark stains
and Zn pen., still gassing.
Positive active area: p+ = N. A.
Negative shape retention: p = 90%
Zinc electrode condition: Good
Plate Location ] Density Color Wetness
Top Spongy |Blue-Gray|Semi-wet
Bottom Spongy |Blue-Gray|Semi-wet
Analysis: Original ZnO mass: m_ = 5.4 g
Residual ZnO mass: m = 3.9 ¢
ZnO retention %: £ = I_nzn—ox 100 = 72%
Final-to-original utilization
ratio (%): m = %x 100 = 85%
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Figure B-14. Cell Number 412A



CELL ANALYSIS

Cell No. 412A

4

ratio (%): M = 3 x 100 =

Regime 1 Combination 4
Temperature: 100°C Binder: Z
Period: 1 hr. Ratio: 90/10
Discharge: 0.6 A for 0.5 hr. Process: N
Charge: 0.66 A for 0.5 hr. | Additive (PbO%): 0
Grid: 5 Ag 38-1/0
Design: (-) W
Original Capacity: Qo = 2.1 Ah
Last Capacity: Q= 0.1 Ah
Capacity Retention %: q = Zig— x 100 = 5%
' o
Failure Cycle: N = 299
- Wet Life: days = 57
Inspection: Separators: No cracks ordelam., dark stains
and some Zn pen.
‘Positive active area: p+ = N. A.
Negative shape retention: p = 90%
Zinc electrode condition: Fair
Plate Location | Density Color Wetness
Top Loose Gray Wet
Bottom Spongy Gray Wet
Analysis: Original ZnO mass: m_ = 5.4 g
Residual ZnO mass: m = 2.7g
ZnO retention %: ¢ = =— x 100 = 50%
me
Final-to-original utilization
10%
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Cell Number 421A

B-30

Figure B-15,



Cell No., 421A

CELL ANALYSIS

Regime 2 Combination 4
Temperature: 25°C Binder: V4
Period: 1.5 hr. Ratio: 90/10
Discharge: 0.9 A for 0.5 hr. Process: N
Charge: 0.5 A for 1.0 hr, Additive (PbO%): 0
Grid: 5 Ag 38-1/0
Design: (-) W
Original Capacity: Qo = 2.2 Ah
Last Capacity: Q= 0.4 Ah
Capacity Retention %: q = _QQ_ x 100 = 18%
' o
Failure Cycle: N = 581
 Wet Life: days = 114
Inspection: Separators: No cracks or delam., few stains,
signs of Zn pen. '
Positive active area: p+ = N. A.
Negative shape retention: p = 80%
Zinc electrode condition: Good
Plate Location | Density Color Wetness
Top Loose Gray Semi-wet
Bottom Spongy Gray Semi-wet
Analysis: Original ZnO mass: m = 5.4 g
Residual ZnO mass: m = 4.0 g

ZnO retention %: ¢ = Lr:ll—o— x 100 = 74%
Final-to-original utilization

ratio (%): 7 = %x 100 = 24%
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Cell Number 431

Figure B-16,

B-32



CELL ANALYSIS

Cell No. 431
Regime 3 Combination 4
Temperature: 25°C Binder: z
Period: 24 hr. Ratio: 90/10
Discharge: 1.2 Afor 1.2 hr. Process: N
Charge: 0.07A for 22.8 hr. | Additive (PbO%): 0 '
Grid: 5 Ag 38-1/0
Design: (-yw
Original Capacity: Qo = 2.3 Ah
Last Capacity: Q= 1.5 Ah
Capacity Retention %: q = E)% x 100 = 65%
Failure Cycle: N = 52
Wet Life: days = 90
Inspection: Separators: No cracks or delam., dark blotchy

stains, Zn pen. still gassing.,
Positive active area: p' = N. A.
Negative shape retention: p = 100%

Zinc electrode condition: Excellent

Plate Location | Density Color Wetness

Top Hard Gray Semi-wet

Bottom Hard Gray Semi-wet
Analysis: Original ZnO mass: m_ = 5.4 g
Residual ZnO mass: m = 4.0 ¢

ZnO retention %: € = Z_x100 = 4%
Mg
Final-to-original utilization

ratio (%): n = %x 100 = 88%

B-33
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Figure B-17., Cell Number 1311



Cell No. 1311

CELL ANALYSIS

ratio(%): n = %x 100 =

Regime 1 Combination 13
Temperature: 100°C Binder: VA
Period: 1 hr. Ratio: 90/10
Discharge: 0.6 Afor 0.5 hr. | Process: N
Charge: 0.66 A for 0.5 hr.| Additive (PbO%): 1
Grid: 5 Ag 14-1/0
Design: (-) W
Original Capacity: Q= 2.0 Ah
Last Capacity: Q= 0.6 Ah
Capacity Retention %: q = -dg— x 100 = 33%
: o
Failure Cycle: N = 373
 Wet Life: days = 53
Inspection: Separators: One cracked, no delam., dark
stains, signs of Zn pen. '
Positive active area: p+ = 100%
Negative shape retention: p = 90%
Zinc electrode condition: Good
Plate L.ocation | Density Color Wetness
Top Spongy |Blue-Gray|Semi-wet
Bottom Spongy |Blue-Gray|Semi-wet
Analysis: Original ZnO mass: m_ = 5.4 ¢
Residual ZnO mass: m = 3.2 g
ZnO retention %: = Z_x100=  59%
me
Final-to-original utilization
56%
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Cell Number 1321

Figure B-18.

B-36



Cell No. 1321

CELL ANALYSIS

Regime 2 . Combination 13
Temperature: 25°C Binder: z
Period: 1.5 hr. Ratio: 90/10
Discharge: 0.9 A for 0.5 hr. Process: N
Charge: 0.5 Afor 1.0 hr. | Additive (PbO%): 1
Grid: 5 Ag 14-1/0
Design: (-) W
Original Capacity: Qo = 2.1 Ah
Last Capacity: Q= 0.4 Ah
Capacity Retention %: q = -QQ— x 100 = 19%
' o
Failure Cycle: N = 203
~Wet Life: days = 41
Inspection: Separators: No cracks or delam., few stains,
signs of Zn pen. ‘
Positive active area: p+ = N. A.
Negative shape retention: p = 80%
Zinc electrode condition: Good
Plate Location | Density Color Wetness
Top Spongy Gray Semi-wet
Bottom Hard Gray Semi-wet
Analysis: Original ZnO mass: m = 5.4 ¢
Residual ZnO mass: m = 3.6 g

ZnO retention %: £ = '1?1-5 x 100 = 67%
Final-to-original utilization

ratio (%): 7 = %x 100 = 28%
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Figure B-19. Cell Number 1332



Cell No. 1332

CELL ANALYSIS

Regime 3 Combination 13
Temperature: 25°C Binder: Z
Period: 24 hr. Ratio: 90/10
Discharge: 1.2 Afor 1.2 hr. Process: N
Charge: 0.07 A for 22. 8 hr. | Additive (PbO%): 1 v
Grid: 5 Ag 14-1/0
Design: (-) W
Original Capacity: Q= 2.1 Ah
Last Capacity: Q= 1.2 Ah
Capacity Retention %: q = ,QQ x 100 = 57%
' o
Failure Cycle: N = 17
 Wet Life: days = 34
Inspection: Separators: No cracks or delam., few stains,
signs of Zn pen. '
Positive active area: p+ = N. A.
Negative shape retention: p = 100%
Zinc electrode condition: Excellent
Plate Location | Density Color Wetness
Top Hard |Dark Gray|Semi-wet
Bottom Hard |Dark Gray|Semi-wet
Analysis: Original ZnO mass: m_ = 5.4 g
Residual ZnO mass: m = 3.9¢g

ZnO retention %: € = r-r%gx 100 = 72%
Final-to-original utilization

ratio (%): 1 = %x 100 = 79%
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Cell Number 1411

Figure B-20.
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CELL ANALYSIS

Cell No. 1411

Regime 1 Combination 14
Temperature: 100°C Binder: z
Period; 1 hr. Ratio: 90/10
Discharge: 0.6 A for 0.5 hr. Process: N
Charge: 0.66 A for 0.5 hr. | Additive (PbO%): 2
Grid: 5 Ag 14-1/0
Design: (-) W
Original Capacity: Q, = 2.1 Ah
Last Capacity: Q= 0.6 Ah
Capacity Retention %: q = ag x 100 = 35%
: o
Failure Cycle: N = 373
- Wet Life: days = 53
Inspection: Separators: No cracks or delam., dark stains,

signs of Zn pen.
Positive active area: p+ = 100%
Negative shape retention: p = 80 %

Zinc electrode condition: Good

Plate Location | Dens ity Color Wetness

Top Spongy |Blue-Gray|Semi-wet
Bottom Spongy |[Blue-Gray|Semi-wet
Analysis: Original ZnO mass: m = 5.4 g
Residual ZnO mass: m = 3.1¢g
ZnO retention %: € = %1; x 100 = 57%
Final-to-original utilization
ratio (%): n = %x 100 = 61%
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CELL ANALYSIS

Cell No, 1422

Regime 2 Combination 14
Temperature: 25°C Binder: z
Period: 1.5 hr. Ratio: 90/10
Discharge: 0.9 A for 0.5 hr. Process: N
Charge: 0.5 A for 1.0 hr. | Additive (PbO%): 2
Grid: 5 Ag 14-1/0
Design: (=) W
Original Capacity: Q= 1.7 Ah
Last Capacity: = 0.5 Ah
Capacity Retention %: q = -QQ x 100 = 29%
- o
Failure Cycle: = 298
- Wet Life: days = 53
Inspection: Separators: No cracks or delam., few stains,

signs of Zn pen.
Positive active area: p+ = 100%
Negative shape retention: p = 90%

Zinc electrode condition: Good

Plate Location | Density Color Wetness

Top Hard Gray Semi-wet

Bottom Hard Gray Semi-wet
Analysis: Original ZnO mass: m = 5.4 g
Residual ZnO mass: m = 3.6 g

ZnO retention %: € = —— x 100 = 67%
mo
Final-to-original utilization

ratio (%): 71 = %x 100 = 43%
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Cell Number 1431

Figure B-22.

B-44



Cell No. 1431

CELL ANALYSIS

Regime 3 Combination 14
Temperature: 25°C Binder: Z
Period: 24 hr. Ratio: 90/10
Discharge: 1.2 A for 1.2 hr. Process: N
Charge: 0.07 A for 22.8 hr. | Additive (PbO%): 2
Grid: 5 Ag 14-1/0
Design: (-) W
Original Capacity: Qo = 2.0 Ah
Last Capacity: = 1.1 Ah
Capacity Retention %: q = —GQ; x 100 = 61%
Failure Cycle: = 26
Wet Life: days = 53
Inspection: Separators: No cracks or delam., few stains,
signs of Zn pen. '
Positive active area: p+ = 100%
Negative shape retention: p = 100%
Zinc electrode condition: Excellent
Plate Location | Density Color Wetness
Top Hard |Blue-Gray|Semi-wet
Bottom Hard |Blue-Gray|Semi-wet
Analysis: Original ZnO mass: m_ = 5.4 g
Residual ZnO mass: m = 4.6 g

ZnO retention %: € = = x100 = 85%
Mo
Final-to-original utilization

ratio (%): 7 = x 100 = 72%
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Cell Number 1512




CELL ANALYSIS

Cell No. 1512

Regime 1 Combination 15
Temperature: 100°C Binder: Z
Period: 1 hr, Ratio: 90/10
Discharge: 0.6 A for 0.5 hr. Process: Ps
Charge: 0.66 A for 0.5 hr. | Additive (PbO%): 1

Grid: 5 Ag 14-1/0
Design: (-) W

Original Capacity: Qo = 2.3 Ah

Last Capacity: Q= 0.8 Ah

Capacity Retention %: q = QQ- x 100 = 35%

: o

Failure Cycle: N = 373

Wet Life: days = 53

Inspection: Separators: One cracked, no delam., dark

stain, signs of Zn pen.

Positive active area: p+ = 100%

Negative shape retention: p = 100%

Zinc electrode condition: Good
Plate Location | Density Color Wetness
Top Spongy |Blue-Gray|Semi-wet
Bottom Spongy |Blue-Gray|Semi-wet
Analysis: Original ZnO mass: m = 5.4 g
Residual ZnO mass: m = 3.3 g

ZnO retention %: € = ——x 100 = 61%
mgo

Final-to-original utilization

ratio (%): N = %x 100 = 57%
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Cell Number 1521

Figure B-24.
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CELL ANALYSIS

Cell No. 1521

€

Regime 2 Combination 15
Temperature: 25°¢c Binder: Z
Period: 1.5 hr. Ratio: 90/10
Discharge: 0.9 Afor 0.5 hr. Process: PS
Charge: 0.5 A for 1.0 hr. | Additive (PbO%): 1
Grid: 5 Ag 14-1/0
Design: (-) W
Original Capacity: Qo = 2.2 Ah
Last Capacity: Q= 0.4 Ah
Capacity Retention %: q = _QQ_ x 100 = 18%
‘ o
Failure Cycle: N = 122
- Wet Life: days = 34
Inspection: Separators: No cracks ordelam., few stains,
signs of Zn pen. ’
Positive active area: p+ = N. A.
Negative shape retention: p = 100%
Zinc electrode condition: Excellent
Plate Liocation | Density Color Wetness
Top Hard Gray Semi-wet
Bottom Hard Gray Semi-wet
Analysis: Original ZnO mass: m_ = 5.4 g
Residual ZnO mass: m = 3.8¢g
ZnO retention %: C = %—o-x 100 = 70%
Final-to-original utilization
ratio (%): 1 =% x 100 = 26%
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Figure B-25. Cell Number 1533



CELL ANALYSIS

Cell No. 1533

Regime 3 Combination 15
Temperature: 25°C Binder: Z
Period: 24 hr. Ratio: 90/10
Discharge: 1.2 Afor 1.2 hr. Process: Ps
Charge: 0.07 A for 22.8hr. | Additive (PbO%): 1
Grid: 5 Ag 14-1/0
Design: (-) W
Original Capacity: Qo = 2.1 Ah
Last Capacity: = 1.2 Ah
Capacity Retention %: q = C—l% x 100 = 57%
Failure Cycle: = 15
~Wet Life: days = 34
Inspection: Separators: No cracks or delam., few stains,
signs of Zn pen.
Positive active area: p+ = 100%

Negative shape retention: p = 100%

Zinc electrode condition: Excellent
Plate Location | Density Color Wetness
Top Hard Gray Semi-wet
Bottom Hard Gray Semi-wet
Analysis: Original ZnO mass: m = 5.4 g
Residual ZnO mass: m = 4.0g
ZnO retention %: € = 2-x 100 = 74%
mo
Final-to-original utilization
ratio (%): 1 =4 x 100 = 7%

€
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CELL ANALYSIS

Cell No. 1611

Regime 1 Combination 16
Temperature: 100°C Binder: Z
Period: 1 hr. Ratio: 90/10
Discharge: 0.6 Afor 0.5 hr. | Process: PS
Charge: 0.66 A for 0.5 hr. | Additive (PbO%): 2
Grid: 5 Ag 14-1/0
Design: -y w
Original Capacity: Q, = 2.1 Ah
Last Capacity: Q= 1.2 Ah
Capacity Retention %: q = —Q—% x 100 = 57%
Failure Cycle: N = 373
Wet Life: days = 49
Inspection: Separators: No cracks or delam., dark stains,
signs of Zn pen. '
Positive active area: p+ = 100%

Negative shape retention: p = 90%

Zinc electrode condition: Good

Plate Location | Density Color Wetness

Top Hard Gray Semi-wet

Bottom Hard Gray Semi-wet
Analysis: Original ZnO mass: m = 5.4 g
Residual ZnO mass: m = 3.3 g

ZnO retention %: C = . x100= 61%
mo

Final-to-original utilization

ratio (%): m = %x 100 = 94%
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Figure B-27. Cell Number 1621



CELL ANALYSIS

Cell No. 1621

RS

Regime 2 Combination 16
Temperature: 25°¢C Binder: Z
Period: 1.5 hr. Ratio: 90/10
Discharge: 0.9 Afor 0.5 hr. Process: Ps
Charge: 0.5 A for 1.0 hr. Additive (PbO%): 2
Grid: 5 Ag 14-1/0
Design: (-y W
Original Capacity: Qo = 2.1 Ah
Last Capacity: Q= 0.4 Ah
Capacity Retention %: q = -QQ x 100 = 19%
: o
Failure Cycle: N = 124
- Wet Life: days = 30
Inspection: Separators: No cracks or delam., few stains,
signs of Zn pen.
Positive active area: p+ = N. A,
Negative shape retention: p = 100%
Zinc electrode condition: Excellent
Plate Location | Density Color Wetness
Top Hard Gray Semi-wet
Bottom Hard Gray Semi-wet
Analysis: Original ZnO mass: m = 5.4 g
Residual ZnO mass: m = 3.6 g
ZnO retention %: £ = —=— x 100 = 67%
mo
Final-to-original utilization
ratio (%): n =% x 100 = 28%
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Figure B-28. Cell Number 1633



Cell No. 1633

CELL ANALYSIS

Regime 3 Combination 16
Temperature: 25°C Binder: V4
Period: 24 hr, Ratio: 90/10
Discharge: 1.2 Afor 1.2 hr. Process: Ps
Charge: 0.07A for 22.8hr. | Additive (PbO%): 2
Grid: 5 Ag 14-1/0
Design: (-) W
Original Capacity: Q= 2.1 Ah
Last Capacity: Q= 1.2 Ah
Capacity Retention %: q = -QQ x 100 = 57%
- o
Failure Cycle: = 15
Wet Life: days = 30
Inspection: Separators: No cracks or delam., few stains,
signs of Zn pen. ‘
Positive active area: p+ = 100%
Negative shape retention: p = 100%
Zinc electrode condition: ' Excellent
Plate Location | Density Color Wetness
Top Hard Gray Semi-~-wet
Bottom Hard Gray Semi-wet
Analysis: Original ZnO mass: m = 5.4 g
Residual ZnO mass: m = 4.2 g

ZnO retention %: € = — %100 = 78%
mo
Final-to-original utilization

ratio (%): m = %x 100 = 73%
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CELL ANALYSIS

Cell No., 1711

Regime 1 Combination 17
Temperature: 100°C Binder: zZ
Period: 1 hr. Ratio: 80/20
Discharge: 0.6 A for 0.5 hr. | Process: N
Charge: 0.66 A for 0.5 hr. | Additive (PbO%): 1
Grid: 5 Ag 14-1/0
Design: (-) W
Original Capacity: QO = 2.0 Ah
Last Capacity: Q= 1.3 Ah
Capacity Retention %: q = -QQ— x 100 = 65%
o
Failure Cycle: N = 266
Wet Life: days = 47
Inspection: Separators: No cracks or delam., some stains,
signs of Zn pen.
Positive active area: p+ = 100%
Negative shape retention: p = 90%
Zinc electrode condition: Good
Plate Location | Density Color Wetness
Top Spongy {Blue-Gray|Semi-wet
Bottom Spongy [Blue-Gray|Semi-wet
Analysis: Original ZnO mass: m_ = 4.8 g
Residual ZnO mass: m = 2.7 ¢g
ZnO retention %: € = Il x100= 56%
mo

Final-to-original utilization
ratio{(%): m = %x 100 = 100%



Figure B-30. Cell Number 1722



Cell No. 1722

CELL ANALYSIS

Regime 2 Combination 17
Temperature: 25°C Binder: Z
Period: 1.5 hr. Ratio: 80/20
Discharge: 0.9 A for 0.5 hr. | Process: N
Charge: 0.5 A for 1.0 hr. | Additive (PbO%): 1
Grid: 5 Ag 14-1/0
Design: (-) W
Original Capacity: Qo = 2.2 Ah
Last Capacity: Q= 0.4 Ah
Capacity Retention %: q = QE- x 100 = 18%
o
Failure Cycle: N = 170
Wet Life: days = 47
Inspection: Separators: No cracks ordelam., few stains,
signs of Zn pen.
Positive active area: p+ = N. A.
Negative shape retention: p = 80%
Zinc electrode condition: Good
Plate Location | Density Color Wetness
Top Spongy |Blue-Gray|Semi-wet
Bottom Hard Blue-Gray|Semi-~-wet
Analysis: Original ZnO mass: m = 4.8 g -
Residual ZnO mass: m = 2.8¢g
ZnO retention %: £ = L «100= 58%
mo
Final-to-original utilization
ratio (%): n = %x 100 = 31%
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Figure B-31. Cell Number 1731



CELL ANALYSIS

Cell No. 1731

Regime 3 Combination 17
Temperature: 25°C Binder: Z
Period: 24 hr. Ratio: 80/20
Discharge: 1.2 Afor 1.2 hr. | Process: N
Charge: 0.07 A for 22.8hr. | Additive (PbO%): 1
Grid: 5 Ag 14-1/0
Design: (<) w
Original Capacity: Qo = 2.0 Ah
Last Capacity: Q= 1.3 Ah
Capacity Retention %: q = QE x 100 = 65%
' o
Failure Cycle: N = 15
 Wet Life: days = 47
Inspection: Separators: One minute crack, no delam.,
few stains, signs of Zn pen.
Positive active area: p+ = 100%
Negative shape retention: p = 100%
Zinc electrode condition: Excellent
Plate Location { Density Color Wetness
Top Hard |Blue-Gray|Semi-wet
Bottom Hard [Blue-Gray|Semi-wet
Analysis: Original ZnO mass: m_ = 4.8 g
Residual ZnO mass: m = 3.7¢

ZnO retention %: C = Zox100= T7%
me
Final-to-original utilization

ratio (%): 7 =% x 100 = 84%
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Figure B-32. Cell Number 1811



CELL ANALYSIS

Cell No. 1811

Regime 1 Combination 18
Temperature: 100°C Binder: Z
Period: 1 hr. Ratio: 80/20
Discharge: 0.6 A for 0.5 hr. Process: ‘N
Charge: 0.66 A for 0.5 hr. | Additive (PbO%): 2
Grid: 5 Ag 14-1/0
Design: (-) W
Original Capacity: Qo = 1.8 Ah
Last Capacity: Q= 1.0 Ah
Capacity Retention %: q = QQ— x 100 = 56%
’ o
Failure Cycle: N = 266
 Wet Life: days = 47
Inspection: Separators: No cracks or delam., some stains,

signs of Zn pen.
Positive active area: p' = 100%

Negative shape retention: p~ = 90%

Zinc electrode condition: Good
Plate Location | Density Color Wetness
Top Spongy Gray Semi-wet
Bottom Spongy Gray Semi-wet
Analysis: Original ZnO mass: m = 4.8 g
Residual ZnO mass: m = 2.7g

ZnO retention %: C = —rrrx—:-—x 100 = 56%
o

Final-to-original utilization

ratio (%): m :‘%x 100 = 100%
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CELL ANALYSIS

Cell No. 1822

Regime 2 Combination 18
Temperature: 25°C Binder: Z
Period: 1.5 hr. Ratio: 80/20
Discharge: 0.9 A for 0.5 hr. Process: N
Charge: 0.5 Afor 1.0 hr. | Additive (PbO%): 2
Grid: 5 Ag 14-1/0
Design: (=YW
Original Capacity: QO = 1.8 Ah
Last Capacity: Q= 0.5 Ah
Capacity Retention %: q = (—29— x 100 = 28%
o
Failure Cycle: N = 172
Wet Life: days = 47
Inspection: Separators: No cracks or delam., few stains,
signs of Zn pen.
Positive active area: p+ = 100%
Negative shape retention: p = 75%
Zinc electrode condition: Fair
Plate Location | Density Color Wetness
Top Spongy Gray Semi-wet
Bottom Hard Gray Semi-wet
Analysis: Original ZnO mass: m = 4.8 g
Residual ZnO mass: m = 3.0 g
ZnO retention %: € = 2 x100 = 62%
mo
Final-to-original utilization
ratio (%): 7= %x 100 = 45%




CELL ANALYSIS

Cell No. 1831

Regime 3 Combination 18
Temperature: 25°C Binder: Z
Period: 24 hr. Ratio: 80/20
Discharge: 1.2 Afor 1.2 hr. | Process: N
Charge: 0.07 A for 22.8hr. | Additive (PbO%); 2
Grid: 5 Ag 14-1/0
Design: (<) W
Original Capacity: Qo = 1.8 Ah
Last Capacity: Q= 1.3 Ah
Capacity Retention %: gq = -dg-— x 100 = 72%
o
Failure Cycle: N = 14
Wet Life: days = 47
Inspection: Separators: No cracks or delam., few stains,
Positive active area: p+ = 100%
Negative shape retention: p = 80%
Zinc electrode condition; Good
Plate Location { Density Color Wetness
Top Spongy |Blue-Gray | Semi-wet
Bottom Hard Blue-Gray| Semi-wet
Analysis: Original ZnO mass: m = 4.8 ¢
Residual ZnO mass: m = 3.9 ¢
ZnO retention %: £ =—x 100 = 81%
o
Final-to-original utilization
ratio (%): 1 = 95100 = 89%

¢
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Figure B-35.



CELL ANALYSIS

Cell No. 1912

Regime 1 Combination 19
Temperature: 100°C Binder: Z
Period: 1 hr. Ratio: 80/20
Discharge: 0.6 A for 0.5 hr. Process: Ps
Charge: 0.66 A for 0.5 hr. | Additive (PbO%): 1
Grid: 5 Ag 14-1/0
Design: () W
Original Capacity: Qo = 2.3 Ah
Last Capacity: Q= 0.6 Ah
Capacity Retention %: q = Q_Qo x 100 = 38%
Failure Cycle: N = 266
 Wet Life: days = 47
Inspection: Separators: Both cracked near edge, no ’delam. ,
some stains, signs of Zn pen.
Positive active area: p' = 100%
Negative shape retention: p = 100%
Zinc electrode condition: Good

Plate Location | Density Color Wetness

Top Spongy {Blue-Gray|Semi-wet

Bottom Spongy |Blue-Gray|Semi~wet

Analysis: Original ZnO mass: m = 4.8 g
Residual ZnO mass: m = 2.6 ¢
ZnO retention %: € = %—5 % 100 = 54%
Final-to-original utilization

ratio (%): n = %x 100 = 0%
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CELL ANALYSIS

Cell No. 1923

Regime 2 Combination 19
Temperature: 25°C Binder: Z
Period: 1.5 hr. Ratio: 80/20
Discharge: 0.9 A for 0.5 hr. Process: PS
Charge: 0.5 A for 1.0 hr. Additive (PbO%): 1
Grid: 5 Ag 14-1/0
Design: (-) W
Original Capacity: Qo = 2.3 Ah
Last Capacity: Q= 0.5 Ah
Capacity Retention %: q = Q£ x 100 = 22%
' o
Failure Cycle: N = 105
Wet Life: days = 40
Inspection: Separators: No cracks or delam., few stains,
signs of Zn pen.
Positive active area: p+ = N. A.
Negative shape retention: p = 75%
Zinc electrode condition: Good
Plate Location | Density Color Wetness
Top Hard Gray Semi-wet
Bottom Hard Gray Semi-wet
Analysis: Original ZnO mass: m = 4.8 ¢
Residual ZnO mass: m = 3.1¢
ZnO retention %: € = — x 100 = 65%
mo
Final-to-original utilization
ratio (%): n = 9x100 = 34%

¢
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Figure B-37. Cell Number 1931
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CELL ANALYSIS

Cell No. 1931

Regime 3 Combination 19
Temperature: 25°C Binder: Z
Period: 24 hr. Ratio: 80/20
Discharge: 1.2 Afor 1.2 hr. Process: PS
Charge: 0.07 A for 22.8hr. | Additive (PbO%): 1
Grid: 5 Ag 14-1/0
Design: (-) W
Original Capacity: Qo = 2.3 Ah
Last Capacity: = 1.2 Ah
Capacity Retention %: q = —QQ x 100 = 52%
o
Failure Cycle: = 14
Wet Life: days = 47
Inspection: Separators: No cracks or delam., few stains,

signs of Zn pen.
Positive active area: p+ = 100%

Negative shape retention: p = 100%

Zinc electrode condition: Excellent
Plate Liocation | Density Color Wetness
Top Hard |Blue-Gray|Semi-wet
Bottom Hard |Blue-Gray|Semi-wet
Analysis: Original ZnO mass: m = 4.8 ¢g
Residual ZnO mass: m = 4.0 ¢g
ZnO retention %: C = m 100 = 83%
mo
Final-to-original utilization
ratio (%): M = %x 100 = 63%
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Cell Number 2011

Figure B-38.

B-76



CELL ANALYSIS

Cell No. 2011

Regime 1 Combination 20
Temperature: 100°C Binder: z
Period: 1 hr. Ratio: 80/20
Discharge: 0.6 A for 0.5 hr. Process: PS
Charge: 0.66 A for 0.5 hr. | Additive (PbO%): 2
Grid: 5 Ag 14-1/0
Design: (-)wW
Original Capacity: Qo = 2.2 Ah
Last Capacity: Q= 0.7 Ah
Capacity Retention %: q = (—IQ— x 100 = 32%
- o
Failure Cycle: N = 266
Wet Life: days = 47
Inspection: Separators: Both cracked near edge, no delam.,

some stains, signs of Zn pen.
Positive active area: p+ = 100%

Negative shape retention: p = 100%

Zinc electrode condition: Good
Plate Location | Density Color Wetness
Top Spongy |Blue-Gray | Semi-wet
Bottom Spongy |Blue-Gray | Semi-wet
Analysis: Original ZnO mass: m = 4.8¢g
Residual ZnO mass: m = 2.6 g

ZnO retention %: € = 2—x 100 = 54%
mo
Final-to-original utilization

ratio (%): 7n = %x 100 = 59%
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CELL ANALYSIS

Cell No. 2022

Regime 2 Combination 20
Temperature: 25°C Binder: Z
Period: 1.5 hr. Ratio: 80/20
Discharge: 0.9 Afor 0.5 hr. Process: PS
Charge: 0.5 A for 1.0 hr. Additive (PbO%): 2
Grid: 5Ag 14-1/0
Design: (-) W
Original Capacity: Qo = 2.3 Ah
Last Capacity: Q= 0.4 Ah
Capacity Retention %: q = 69— x 100 = 17%
: o
Failure Cycle: = 169
Wet Life: days = 47
Inspection: Separators: No cracks or delam., few stains,

signs of Zn pen.
Positive active area: p+ = N. A.
Negative shape retention: p = 90%

Zinc electrode condition: Good

Plate Location | Density Color Wetness

Top Spongy | Blue-Gray|Semi-wet

Bottom Hard Blue-Gray|Semi-wet
Analysis: Original ZnO mass: m = 4.8 g
Residual ZnO mass: m = 2.6 ¢

ZnO retention %: € = —=— x 100 = 54%
mo
Final-to-original utilization

ratio (%): 7 = %x 100 = 31%
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CELL ANALYSIS

Cell No. 2032

Regime 3 Combination 20
Temperature: 25°C Binder: Z
Period: 24 hr. Ratio: 80/20
Discharge: 1.2 A for 1.2 hr. Process: PS
Charge: 0.07 A for 22.8hr. | Additive (PbO%): 2
Grid: 5 Ag 14-1/0
Design: (-) W
Original Capacity: QO = 2.2 Ah
Last Capacity: Q= 1.1 Ah
Capacity Retention %: q = —QQ x 100 = 50%
' o
Failure Cycle: N = 14
~Wet Life: days = 47
Inspection: Separators: One minute crack, no delam., few

stains, some Zn pen.
Positive active area: p+ = 100%

Negative shape retention: p = 100%

Zinc electrode condition: Excellent
Plate Location | Density Color Wetness
Top Spongy |Blue-Gray|Semi-wet
Bottom Spongy |Blue-Gray|Semi-wet
Analysis: Original ZnO mass: m _ = 4.8 ¢
Residual ZnO mass: m = 3.8¢

ZnO retention %: =2 x 100 = 79%
mo

Final-to-original utilization

ratio (%): M = %x 100 = 63%
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